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FOREWORD 



Today we no longer ask/ "Will comguters be used in the schools?" We know 
that they are, and that they are being ^purchased by schools faster thanjwe 
can keep count. Indeed, surveys, of computers in schools are outdated by the 
time they are published. The computer has excited administrators , teachers, 
students, and parents in a way that no other educational tool, theory, or 
curriculum has before, 

"with "this rapid adoption of microcomputers, more questions have been raised 
than have answers, however • What are the optimum 'school uses to v^ich 
microcomputers can and should be put? What- does research in learning 
theory, cognition, motivation and artificial intelligence have to say 
about how computers-^af_fect •■learning? What . approaches can be taken in 
various disciplines to maximize- — ^the__computer " s effectiveness? How can 
schools most efficiently integrate these ^Tndings^'into their instructional 
programs? ^^.^ — 

It was with these , questions in mind that the Department of Education invited 
a group of educational researchers and practitioners to the research coh- 
ference "Computers in Educ^ation: Realizing the Potential" at the University 
of Pittsburgh i'n late November 1982, The results of that conference are 
summarized in ^this Chairmen Vs Report. 

We are pleased to share the\results of this important' research conference 
with the educational community. On behalf of the Department of Education, I 
would like '/to extend pur sincere thanks to those participating scholars and 
educational practitioners who bVought so much .wlsdomV experience, and common 
sense to the conduct of this conference, ' " 



ponald J, Senese 

"ssistant Secretary for Educational 

Research and Improvement 
U.S., Department of Education 




■ ■ CHAIRMEN'S PREFACE - 

In November, 1982, /The Department of Education invited forty people to a 
special conference on the future of computer?; in education and the research 
needed to realize the ccTputc^c's potential. There wre computer scientists/ 
psychologists, other educational researchers, teachers, school administra- 
tors and parent representatives • A set. of invited papers (published in the 
proceedings of this conference) and an excelleht series of software* demon- 
strations provided a good foundation for our discussions. 

The participants discovered quickly that they agreed on a number of. issues. 
The computer is perhaps the most exciting potential source of educational 
improvement in centuries. Although most currently available applications 
for schools are mediocre, the possibilities for significant uses are impres- 
sive. The agenda for research, our primary charge, was easily agreed-upon. 
Many of us also stressed the heed to develop teachers' abilities to use com- 
puters, and the need to make rich computer environments accessible to 
teachers, parents and children of all ;, socioeconomic levels. Many of the 
participants worked extremely hard to build a coherent set of recommenda- 
tions;, some attended sessions all day and drafted recommendations a good 
part of the night* Without those efforts, this report would have been 
e3rtremely_diff icult to write. 

This report benef ited^from^^the dedication of many people. The Secretary of 
Education^ Terrel Bell, ' and ^Assistant Secretary Donald Seneise shpwed great 
cbncerir~~for^.issues of educational technology and kept us motivated in our 
efforts. We. hope thai: we and the other participants have produced recommen- 
dations they^can use, Arthur Melmed, John Mays , Susan--Chipman, and Joseph, 
Esotka^fi lied the difficult multiple roles of government ^representatives, 
conference organizers, critical reviewers, and colleagues. Jill Larkin and 
Jean Dexheimer helped lay the groundwork for the meetings and produced an 
excellent state-of-t^e*art sampling of instructional computer software. Ms.° 
Dexheimer and Richard Wolf were responsible for . several rooms full of 
reliably-working computers for demonstrations. The University bf Pittsburgh 
and Carnegie-Mellon University provided excellent facilities for /the 
meetings. Rebecca Freeland, Gail Kratt, Steve Roth, and Carol White provi- 
ded the highest level of staff support at the conference, and Ms. White 
provided technical editing for this report The summary was prepared with 
the help of John Mays , and icathleen Fulton coordinated all the details 
regardijig publication of t±i We thank them all and hope that 

their efforts result in the kinds of exciting educational improvements that 
vre believe are possible. 

Frederick Reif 
Physics Department 
University of California, 
Berkeley 



Alan Lesgold 

Learning Research and Development 
Center 

University of Pittsburgh 
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SUMMARY /; 

V ' * INTRODUCTION 

The computer is a one-in-several centuries innovation. The low cost and 
wide availability of the computer, cdrhbined with other technological and 
scientific advances, is changing, the nature of. business, :.ndustry, and 
everyday life. 

Preparing students for this new world makes strong demands on education, at 
a .time \wheh the cost of education is rising more rapidly than other prices. 

Fortunately the computer , combined with new knowledge of hiiman thinking and 
learning, provides new means for meeting these needs and eventually for 
increasing the productivity of education. 

Realizing the full potential of trie computer in education requires ground- 
breaking research that will allow educators and manufacturers , to proceed 
confidently in the development of advanced computer-based materials for the 
schools. Earlier Pedierally supported research provided the basis for the 
computer-aided instruction of the last decade and a half, ^ Another such 
research program is how needed to take advantage of the vastly increased 
capability of affordable computers, . 

This report proposes a variety of research activities needed to provide a 
basis for achieving the potential of the computer in education through 
refining basic principles for computer-enhanced instruction and demonstrat- 
ing the effectiveness of these principles, 

NEEDS AND OPPORTUNITIES. 
Educating for a High Technology Future 

We appear to be raising a generation of Americans many of whom lack the 
understanding, and the skills to participate fully in the technological vorld 
in which they live and work,. 

The scientists and engineers who will provide the new knowledge and ideas 
required to maintain our world leadership will need increasingly sophisti- 
cated education in science and mathematics;. Many others must be given the - 
background necessary to build, maintain, and use the technological devices 
that are increasingly permeating business and industry. All of us need new 
knowledge to deal adequately with the prodiucts of technology in daily life 
and to participate as citizens in the increasing number of decisions involv- 
ing science and technology, ' 

The rapid changes brought about by science and technology and the rapid 
expansion of knowledge require new emphases in education. The well-balanced 
citizen and worker will need skills in using computers, selecting appropri- 
ate information, reasoning abstractly f solving problems and learning inde- 
• pendently. 



This demand for excellence, and ..for new educational forms and content, comes 
at a time when many good teachers are abandoning education for higher- 
salaried fields, and the better students are tending not to enter the teach- 
ing profession. Shrinking budgets make schools reluctant' to purchase 
cpurseware that has not been proven in other schools, and m.ike the school 
market an unattractive one for firms, which might develop sophisticated 
computer-based Reaching materials, ' 

Potentials for Improvement 

Recent technological. and scientific advances create a unique opportunity for 
.meeting these new ^educational demands. 

. © . \ ' ' . 

The cost of cotfiputers is falling rapidly. The first dedicated computer used 
for instruction in a\ school cost a third of a million dollars. :: Current 
systems with good grapUcs cost about a thousand dollars. It appears like- 
ly, projecting trends iNn hardware and software tech;iologies, that computa- 
tiohal power equivalentX to that of present daiy super-computers will be 
available in a microprocessor system for ujider $100 by 1990. videodisc sys- 
crL!^"" ^^'^ilable for un^er a $1000 allow almost instantaneous access to 
54,000 full color images recorded on a disc costing $20 to $30. 

In recent years there has. come into being a new cognitive science. This 
interdisciplinary , field involves the psychology of human comprehension/ 
problem-solving, and learning; artificial intelligence (the science of com- 
puter systems that exhibit understanding and problem-solving . skills ) ; lin- 
guistics; and 'Other related fields. Cognitive science is beginning to pro- 
vide a firm foundation of knowledge about how human' be.ings comprehend when 
they read and observe, how they go about solving probleins, and how they can 
best be helped to become skilled in these and other higher- level intellec- 
tual activities. ' 

By exploiting the new technologies and building on new insights into human 
intelligence and its development, education can be made much more effective 
and able to meet the new challenges it faces. The following are examples of 
major educationar opportunities presented by <die computer. 

9^-Tutoring . The computer can be an excellent tutor. It is patient and 
^ . can adapt to students' individual capabilities. Recent progress in 
developing computer-based -expert systems" is being extended to tutor- 
ing, and the ability of computers to "understand" ordinary written and 
even spoken language is being improved; Thus we can expect tutoring 
systems to have increasingly refined teachihg strategies and 
. . capabilities to communicate' with students. • 

^ "7 ■ ''-v''- 

o Exploratory learn ing environments . : Computers can be used to prbvide 
new "learning environments" in ivhich students can perform simulated 
• experiments quickly, inexpensively, and without danger. " They can 
■ explore new ideas and "learn by doing" in contexts that are tailored 
to their cur:rent capabilities. 



p Diagnosis • Computers can be used to diagnose an individual student's 
current knowledge, thinking strategies/ and learning capabilities. 
This assistance can be very helpful to teachers in devising appropri- 
ate learning activities for the student, 

o Networks » By connecting computers inexpensively through new tele- 
communications technologies, it is .^possible to create intellectual 
communities without regard to participantsV physical locations. For 
example, students who are handicapped, have special interests, or need 
gifted colleagues could interact . with other students with similar 
needs through , a computer network. Schools without a major library* 
could be given access to "^n electronic information bank. ' Teachers 
bould improve thefr teaching by sharing ideas and experience with one 
another . 

o Tools for students and teachers . , Computers are powerful intellectual 
jbools. ' In addition to performing calculations, they are becoming able 
to manipulate equations, they can facilitate writing and encourage the 
sort of revision that is essential l|> developing precision of lan- 
guage; they can retrieve information from large data bases and provide 
instant access to the meaning of words and concepts. These 

. capabilities allow shifting of emphasis from routine .skills - to more 
sophisticated thinking processes \^ich will be more necessary in the 

• future. ... 

o Game technologies ./ Computer games can provide . motivation and 
practice, although their effects on children's cognitive and affective 
development require further study. Arcade game techniques are already 
being\ used in a few ! areas of military training, with promising 

. - results. - , ^ . ' \:: . 

Helping with administrative tasks . Teachers are inundated with 
record-keeping chores v^i^h use time and energy that could be spent in 
teaching. Computers can handle many of these routinely, freeing 
teachers to teach. . 

REALIZING THE POTENTIAL . . 

The possibilities we have described are based on our knowledge of recent 
developments in artificial intelligence and other areas of ^computer science, 
in the cognitive psychology of instruction, and in computer . technology. 
However , considerably more work is essential fo,r these possibilities to- be 
realized. The basic conclusion of this conference is that striking im* 
provement in the quality and productivity of education through computer* 
based instructional systems is attainable, but only with a national invest- 
ment that continues reliably for several years . 

Research undertaken to exploit the educational applications of computers can 
also guard against the discrediting of promising ideas by poor implementa- 
tion and against- harmful use of technology. Education in the computer age 
must not result in students' being isolated from one another by electronics, 
bored or confused by podrly designed software, or rendered passive by sys- 
tems which do not promote exploration or initiative. 



• : 'we recommehd that- the Federal government suppprt a 'coherent. e ffort' -t^^ build- V 
- o^-the - i n telligen t instruc tional sv.t . J' ^J^^" 1 ■ i 

. BPssible.-. Such prototypes can j^ovi de; ^ - . ; . , ■ / , — —7- ^^^^ ■ ^ 

■■ ■ ■ . .. ■ W..^^^^^ experience for subs^uent "deveioi^ment • 6f^ ^ ^ 

■ .r ^;.nstructional systems and materials by, private, industry arid' schools,;' 

■ :■ ; o, laboratory settings for needed ;fundamental. research on; j ^ ..'' y^ 

y\ KS^!^' involved iri', skilled reading,' w■^iting,^, maLmaticsV,:.^ 
,,. ,;r • science,, and other: intfellectual activities; . ' ' ' , , ' =" 

. , , ; new ways to adapt instruction to individual ' differences in aptitude ' 
- ;and progress in learning, and " , ■ ^ ■ ■ , v 

' -^^ the psychology, of student and teadher interaction 'with automated' i ' ' 
instructional.- , _ • : .-.;^^V•■:yC^ 

•■ ' ' Prbtotype_Research ^ ■ ■ -'^ ; " V 

. The substantial.; education^; promis^ in ' computer technology' and ^he cognitive ^ ■ ^''^^ 
sciences, comes^. largely from laboratory, research ^ and from techno log ^Ttilt-"- ■ 
have , yet: to be^ fully exploited in,.classr^,omsi: The next; step .-.is j^^toty^ - 
research, in v^ich ^the basic iprinciples :are .^ refined . by ^^^t^^^ 4em W ?^ ' 

^^^^^^"^^'^^^--r'^^^ ^ prbtbtyr« ;. research- Should. 

. teachers, school administrators, and students . to .Contribute? the^^^^ 

to the^work. ^ Projects- should be conceived as ■ a ;:partn^rship.; invbivifrq / 
researchers, a, sc^ioolVsystem, and In soine dases .private' compajiies.!- ■ ^> M. . ;>.i 

Example^ of '^ prototypls' to be 'ex^oi^ed , of / the. ;sorts lis^ed^'^ih ah earlier^ S 
section above, are described in; some .detail ip the ^Chairmen's Repbrt. ;k . ■ kl' . .S 

Associ-ated. Fundamental Research '''' ■ ^i'?^'. ■ r:'-^ ^:.''- ^^^ ^:''''''^- ^ 'y':r V i' :'';."^ 

If w^' are _ tc realize the potential of co^nputer technolbg^f f ^'^^^^^^^^^^ 
- dents achieve nigh levels of ^ capability in mathema'tibs;, science, reading - ^- -^^^^^^ 
and ,writing, we need fundamental .research of several:; kinds. . we limit c^^'" 
recommendations here to . specific activities from Vwhidh: we^ ^expect shorteM' • 
term pay-off: enhanced design principles fori human-cbmputer systems for ''^^ 
•education. We also strongly urge .that the reseSrch^^ihtegrkte the insights ■ 
. of. teachers and other educator.3 , with, .those of, o scientists ^^ T^^ 

, . 'Of useful systems will rest pn , the, twin? piilars^ of practical^, and^^ . .. 

knowledge, • ■ ^vv;:• • " , >,;:y 

/ Research on Cognitive Issues ■ ' ■ ' - ;\V;;- ■ .}-y: /:'^:yi^^{- ■-^/^■■''i^c^^ 

,4..Various^f^ui€fui'-- lines>pf research . are greatly improving our understanding; ''''■tf 
, ^ of ^ the thinking - processes needed; - ,f 6r. learning, ' sophis tica ted .'ibbn^cepts and for l^i, :. V 
. solving , problems. This research must 'be 'continued ./inNftK^^^^^^^^^ of -^-'-^''^ 

.... .computer-based education., , Examples ^ includfe: : ' X U v ':V;v\',\V..J;^ ■ ■.-:■.;.•.:... '■^'iy''i 
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. o Expert and noviae thinking ^ Recent studies in science educa'tion have 
revealed that students approach learning tasks with many prior con- 
ceptions,- based on their life eacperience , which can be obstacle's to 
new - learning. These conceptions are very resistant to^ change. We 
■ need ~to^ 

how they can best be modified , - 

o Comprehension and writing strategies . Even secondary students have 
difficulty summarizing texts, defining main points, skimming texts to 
abstract information quickly, taking notes, and planning and revising ' 
compositions. We envision computer aids that will help . students 
develop these higher- level skills, /but improved understanding is first 
required of the cogni€ive processes underlying advanced reading and 
^writing. . ..^ ■ :^ '■ • ,■ ; 

o Knowledge structure s Recent work . in cognitive science reveals that 
the manner in v*iich knowledge is structured in a person's mind can 
gEeatly affect the ease with which it can be used in various in t*i 11- 
ectual tasks. We need to know more. about how we should organize and 
teach basic knowledge so that it is easier to recall'' v^en needed to 
solve ^ a problem a*nd easier to add to, as more experience and knowledge 
are gained , 

o Mental models , "Mental models" are, relatively simple conceptual 
schemes developed by individuals to . explain, -predict, and control 

" phenomena 1±ey encounter. We need greater ^understanding of mental 
mpdels peopre have for various intellectual tasks, as such models can 
be used in computer systems that allow people to work on complex prob- 
lems using simple but .^powerful metaphors, ' 

o Cognitive psvchometrics , If we are to - take advantage of the ability 
of computers to carry out ccMnplex diagnosis of student eibilities and 
difficulties^ new psychometric models based on cognitive components of 
.school subject matters must be developed. As we discover powerful 
diagnostic procedures, we will be able to combine them with coaching 
and tutoring systems to correct the deficiencies found; 

Other Research Issues 

A variety of other issues must be addressed -through research if we are to 
realize the full potential of the computer in education. Examples include: 

o Motivation , Research is needed on the motivational consequences of 
.computer-based instruction, teacher- led instruction, student group 
" activities, and individual deiskwork so that we can create a proper 
■ --balance: in , the classroom, ^ • / * 

o Introducing computeris into education . We need to know more cibout 
social and psychological factors affecting the introduction of ccmpu- 
ters into schools, • . ' ,. " • 

. . o Computers as aids - to the teacher . Explicit attention is needed to 
making the computer helpful to teachers, in particular . as a means of 



increasing teacher productivity, corresponding to increased produc- 
tivity in other professions. T-he conference report stresses the need 
for well designed teacher training activities. , 

. o Professional edu cation of teache rs. New models are heeded for effi- 
ciently training teachers in computer education on a massive scale. 

o Prototype school and classroom dP^an^. Research is needed on the 
. best ways' of organizing computer-enhanced education inside and outside 
the school, 

o .Quality assurance and evaluation . Qua litv afiidel i noc should be estab- 
lished fdr authoring systems, for instruction and assessment, for 
selecting software programs, for field testing and evaluating in 
school settings, and for developing software -in the private sector. 
Long-term evaluations are needed of the effects and effectiveness of 
computer-based instruction in schools and with home "computers, vlth 
special attention to the possible creation o£ gaps between students of 
dj^ffereht economic status. -- 

IMPLEMENTATION OF RESEARCH . ' ' 

The essential basic and-' prototype research activities proposed here will 
require special stimulus and^ s^u^ft-.---Ar"incinTiVis T<^^ 

,in research on computer applications lie in directions that promise greater 
econonic return to the investor (e.g. , of f ice automation). Federal support 
for research.in educational applications is essential. The talent available 
for the: proposed work is limited,' and care will be required ti assure that 
requests for proposals attract the bes^t available investigators". 

The successful application of computers to education will require expertise 
in_ subject matter, in teaching, in computer technblogy,' in cognitive 
science , and in design. It" is therefore necessary to provide means for 
bringing individuals with these capabilities together into team efforts. 

To accomplish this objective we recommend establishment of .at least "two 
research centers dedicated to applying technology and new knowledge of human 
cognition, to improving education. The centers should have a strong resident 
staff and continuing involvement, with teachers and schools. There should be 
provision for temporary appointments for visiting investigators , master 
teachers , and persons from the private sector , some supported by the center 
and some by other sources. 

If these centers are established in university environments, it will make 
possible; new graduate training programs linked to the research programs 
which will prepare a very valuable new type of educational practitioner ivith 
in-depth knowledge of teaching, learning, and technology. ' 

To ensure a healthy competition between ideas as well as good geographical 
access, two centers are recommended, one predominantly for research on new 
applications of the computer in reading and writing, and one predominantly 
for comparable research in mathematics and science. Each center ' should 



maintain good communication vdth the other and could also have some work in 
the other's primary Vrea so that interactions among ; the areas would not be 



overlooked. \ 



TO assure that good idW 'for research from any source can be supported, 
there should be an open, research grants program complementing the centers. 
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INTRODUCTION 



Nobody really needs convincing tliese days that the compu- 
ter is an innovation of more than ordinary magnitude, a one-in- 
several-centuries innovation and not a bne-in-a-century innova- 
tion or one of the.se instant revolutions that are announced 
every day in the papers, or on television. It really is an 
event of major magnitude. 

Herbert A. Simon 

New technologies alter, the forms of knowledge and . productivity that are 
important to society. The printing press led to the devaluation of humans 
as memorizers and to- increased rewards for those who had important ideas to 
share. The steam engine led to the devaluation of humans as sources. . of 
mechanical power and to increased rewards for those viho creatively used the 
new machines. The computer is now resulting in Lhe devaluation of routine 
information-processing activities done by humans . However, there are great 
rewards' for those who can creatively exploit the new. information 
technologies. 

As happened with the printing press and the steam engine, society is also 
being disrupted by the computer. Those Who enjoyed high wages and regard 
because of their expertise in routine data processing tasks are being pushed 
aside, creating the dangers agsociated wL th a displaced, middle class. Our 
existing educational system is under great pressure. It has not increased 
its productivity as other sectors of society have; educational costs have 
risen Inordinately relative to those in other areas of the economy (in 1982, 
prices in general rose less than 4%^ while education-related consumer costs 
rose 12%). We also have not succeeded in educating enough people who can 
adapt to technological changes. Ironically,' there; are many unfilled high 
technology jobs at a time when- many people are unemployed. 

Fortunately, the computer itself can help our nation out of this predica- 
ment. Just as the advent bf printing created new tools for learning, so 
can the computer . The price of computer ^ power is dropping rapidly. Fur- 
ther^ thia scientific underpinnings exist fof ^ the effective educational ex- 
ploitation of this power. It is time to act on these potehtialltles. This 
report recommends relatively modest undertakings that >^ c^in greatly Increase 
the quality of the computer's contribution to education. 

There is an Important role for the Federal Government in stimulating devel- 
opment? of quality computer resources for education. The educational compu- 
ter tools that are available today fall short of what is needed. Unifortun- 
i ately though, they are yielding relatively risk-free prof its for those who 
make and sell them, v: On the other hcind, realizing the potentials described 
in this report vrL 11 require significant . risks. Prudent business leaders 
will not begin taking those risks until there are demonstrations of success . 
Technological and educational prlnclples\ must be clarified. There must be 
evidence 'lihat products embodying such principles are effective. 



Indeed, many of the best programs now available would not have come about 
without earlier government research investments. Those investments were 
made before the \ possibility , of inexpensive microcomputer technology was ' 
evident. They showed schools and the private sector the value o of even 
minimal levels of expensive computer power. A similar investment: is^ now 
needed to raise the nation's sights once again. * The educational possibili- 
ties of plentiful computer power and improved display systems must be evalu- . 
ated. In this report, a plan is proposed for refining and demonstrating 
basic principles for computer-enhanced education. 



NEEDS AND OPPORTUNITIES 
Educating For a High-Technology Future 



we appear to be raising a generation of Americans, many of 
whom lack the understanding and the skills to participate fully 
in the technological world in v^ich they live and work. ... ^ The 
current and increasing shortage of citizens adequately prepared 
by their education to take on the tasks needed for the develop- 
ment of our economy, our culture, and our security is rightly 
called a crisis.. •. > / « 

. ^ ■ , _ • " ■, V " .: -,. - 1 ■ •/ ■ 

National S^cience Board Commission on Precollege Education * 
• in Mathematics, Science, and Technology, 1982 

A society increasingly dependent on computer power and other new information 
technologies will require new educational emphases. Future scientists and 
engineers, v^o will provide the knowledge and innovation needed by our 
industries, will need more. sophisticated science and mathematics education. 
Many other people must be taught to build , main4:ain, and use the 
technological devices on 'which our society is coming to depend . All of our 
children need new knowledge in order to deal adequately with the products of 
technology in daily life, and we adults do, too. As citizens, we shall need 
to understand the scientific principles underlying important public 
decisions. v 

The new education we require wil^J. be qui te different from \f it our schools 
now provide. Instead of memorizing information, students must be taught how 
to find it and use it. This' is because ^^ t^^ nature of knowledge has 

changed. Until recently, a child or young adult, by learning a large body 
.of facts and specific procedures, could assure a . lifetime livelihood. 
Today/ many people find that their skills and knowledge quiakly become 
obsolete; the capabilities needed for economic productivity keep changing. 

The knowledge needed to ecirn a living has become more abstract and symbolic. 
The tools. "Of the industrial age - levers, gears, chemical reactions, and 
even electrical devices - could ; be seen and touched . Today, our world is 
dominated by processes that occur on less observable scales of time and 
size. We cannot watch the processor chip in a home computer, nor ^an we 
watch genie-spliced bacteria> make insulin. 
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Schools have been most successful at teaching factual information and fixed 
procedures, such as arithmetic, - .In the past, they were not 'asked to provide 
universal, high-level intellectual preparation. However, in a world driven 
by more information than can be taiight, by rapidly changing knowledge, and 
by deeper abstractions, this is v^at they must now be asked to do. The 
wellr^educated - future citizen will be adept at selecting information, 
reasoning abstractly, solving problems, and learning independently. To 
teach such skills effectively is a major educational challenge, ^ixcellence 
in education can no longer be measured by counting the number of facts a 
student has memorized. Rather, the criterion must be the ability to sort, 
through bodies of information, find what is needed , and use it to solve novel 
problems, -We must ensure that students emerge from our schools with more 
than superficial understanding; they will need usable core knowledge and the 
ability to apply it flexibly to real situations. 

This demand for changes in educational forms and content comes at a time' 
when schools face severe economic pressures. Budgets are shrinking. Good 
teachers are abandoning education for higher-salaried fields, and the better 
students are not entering the teaching profession. We know that teachers 
need to learn new content and teaching methods if we are to succeed as a 
technological society. But, neither school systems nof teachers can afford 
the costs of this., professional development. We know that computers can be 
useful in schools, but experimental innovations that have yet to be fully 
proven must compete for funds with light bulbs and chalk. In addition, low 
equipment: and supply allocations (currently about 0,7%* of a school 
district's budget) result in low incentives for educational innovation by 
the private sector, 

' ' ' - ■ ' ■ . ■ ■. ■ • 

potentials for Improvement 

It appears likely, projecting trends in hardware and soft- 
ware technologies, that computational power equivalent to 
present "day supercomputers will be available in a micropro- 
cessor system for under $100 by 1990, ^ 

Raj Reddy 

wriile the needs are great, the very science and technology cibout which we 
must educate teachers has the potential for making them more productive , 
The computer can improve education and enhance teacher productivity, it can 
perform routine tasks and can act as an assistant in tasks for v^ich 
teachers have insufficient time, A broad range of activities in the fields 
of computer technology, artificial intelligence, cind cognitive psychology 
are making microcomputer power more affordable, easier to use, and more 
relevant to educationc:! needs. 

The first efforts at computer-based instruction involved expensive hardware 
that was porly designed for children, In contrast, the quality of computer 
power is continually rising v^ile costs keep dropping , The first computer 
used for instruction in a school cost a third of a million dollars,. Current 



systems with good graphics cost about one thousand dollars in addition, 
today's inexpensive machines are. better suited to children than those once 
used. A child can interact vd.th a computer by pointing to a display. Com- 
puters can control videodisc display systems. With networks, computers can 
themselves interact. There have been great improvements over the slow 

printing terminals used in the pasta 

■■ ' . ■ * ■ ' ■ . ■ ' ■ 

Recent years have also witnessed major advances in the psychology of human 
information processing; 'artificial intelligence (the science of computer 
systems that exhibit understanding and problem solving skills) , linguistics, 
and related fields. Many workers in these fields now share a common goal' of 
understanding both the specifics and the principles of thinking, v^ether it 
is done by humans or by machines. This interdisciplinary undertaking, 
called cognitive science , is contributing new rigor and insights to the 
study of instruction. 

Cognitive scientists often express their theories as computer programs, 
performance of a canputer program can then be matched explicitly to human- 
performance and modified as needed... Such programs have been able to simu- 
latfe many af^pects of such human activities as proving geometry theorems, 
troubleshooting, computer circuits, and solving arithmetic problems. The 
simulations can be used, in several ways . They can be the basis for expert 
computer systems that adtually carry out intellectual performances. They 
can also be used in systems that teach people.. The basic approach is to 
combine a model of skilled' performance ^th a program that attempts to 
determine v^ich aspects of such a model are missing in a student. Strate- 
gies for teaching the missing kno^ifledge or skill are being developed. 

By exploiting new technologies and building on these new insights into human 
intelligence and its acquisition, it should be possible to* make education 
much more effective and to help meet the needs discussed in the preceding 
section. In particular, the following major educational opportunities can 
be realized: 

o Tutoring . The computer can be an excellenjb tutor . . It is patient and 
can adapt to students* individual capabilities. Artificial intelli- 
gence methods developed in projects to build •computer systems that can 
be expert consultants (in medicine, molecular biology, geological 
exploration and other areas ) are being adapted for use in computer- 
based tutoring systems! , Soon, we can iexpect tutoring systems to have 
increasingly refined teaching strategies . Tools needed to exploit 
those strategieg^ are also being . developed. ^^^ M vmderstanding of 

--^ written and even spoken language is improving, along with other tech- 
nologies for enhancing human-machine communications. 

o biagnoais . Computers can be used to diagnose an individual student's 
currently existing knowledge, thinking skills, and learning capabili- 
ties. Such diagnostic information can help teachers devise appro- 
priate learning activities for each child . Diagnostic components/ will 
also be needed in most of the other instructional forms discussed 
here. ; ; 



o Exploratory learning environments Computers can be used to provide 
new "learning environments" v^ich can facilitate the learning of im- 
portant new concepts. In such environments, even slower students and 
those lacking physical dexterity can perform simulated experiments 
successfully, inexpensively/ and without danger . Graphic animation 
can provide viewpoints on phenomena that are difficult or impossible 
to achieve in classroom demonstrations • Students can even experience 
simulations of events that would be physically impossible , allowing 
them to compare the implications of their own beliefs about the world 
to those of modern scientific theories • They can explore new ideas' 
and can "learn by doing" in contexts that are tailored to their 
current capabilities. 

o Game technologies . Computer games can provide motivation for the ex-^ 
tensive practice that is required for facility in • basic skills like 
reading and arithmetic. However, it is important that such games 
include enough diagnostic capability (see above) to assure that chil- 
dren who need better understanding, rather than simple practice, are 
also served well. Some games address issues of understanding. For 
example, there are a variety of business games that are really explor- 
atory learning environments packaged in game formats. 

o Networks . By connecting computers -through new telecommunications 
technologies, it is possible to create intellectual communities with- 
out regard for participants' physical locations. For instiance, stud- 
ents who are handicapped, have special interests, or need more intell- 
igent colleagues could use a computer network to interact with other, 
students like themselves. A school without a major library might 
still have access to a central. electronic information bank. A teacher 
could share ideas with another teacher elsewhere who has the same 
problems. Resources used, during the d.^y at school could readily be 
shared with parents through home computers . As a result, parents 
could be both learning partners with their children and 'teaching part- 
ners with the school. Thus the home ccxnputer may become an important 
tool in improving adults'imderstanding of science; mathematics, and 
computer technology.. 

\- '. ' ' , • . V'- ' , • ■ " ■. ■■ ■■ ■ ' ■ :' - ■ ''■ ' ■ ■ . • •' • 

o Tools for students and teachers * Computers can be powerful intellec- 
tual tools. They can perform arithmetic calculations and are becoming 
ablev to manipulate equations; they can facilitate the writing process 
and expedite formatting and revision; they can retrieve information 
from large data bases. These capabilities can be used - to shift 
educational emphasis from the teaching of routine skills * to the 
teaching of . the more sophisticated thinking skills needed in our 
technological society. They can cdso be used to improve learning in 
non technology areas. In fact, t}ie French are already workirtg on small 
da ta , baaes for . classroom history proj ects . \ 

o' Hel ping with administrative tagk s.. Teachers are inundated with 
rocord-keeping chores which use time and energy that could be spent in 
teaching. Computers can take over many of - these chores, freeing 
teachers to teach. 
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while there is a clear sense of how ccxnputers can be used, much work remains 
to iSe done. In particular,- deeper understanding of the cognitive capabili- 
ties to be taught is needed. Furthermore, that landerstanding must be 
expressed in a form usable by intelligent computer systems, simply automat- 
ing the status, quo will not pay off in substantial educational improveme\ts. 
New ideas about effective teaching must be refined; they must be incorpar- 
.ated into instructional systems; and teachers need to be taught how to us' 
them. The needed refinements can build upon recent work on human thinking\ 
and learning, . : # 

Traditional educational. research focused on observable behaviors and measur- 
able products of learning, such as correct answers to test questions. As a 
result, teaching efforts became more focused, ' and both teachers' and students 
had a clearer sense of their progress. However, traditional theories do not 
tell us how to teach as "much as how to determine if a student has learned, - 
Further, test scores can be deceptive if teachers concentrate on maximizing 
performance on specific test items rather than teaching usable knowledge and 
skill. In contrast, more recent work has focused on the thought processes 
which underlie effective performance. Researchers have tried to discover 
how experts represent .problem situations to themselves, how they decide on 
solution approaches, and how they carry out solution plans. 

It is difficult to specify clearly the underlying thought processes which 
characterize expertise. Experts in a field are- often not consciously aware 
of the knowledge they have and the ways in \^ich they use it. Indeed, a 
major problem in teaching is that many thought, processes and kinds of know- 
ledge are so automatic in experts who teach that they fail to realize what 
needs to be taught. 

Workers in artificial intelligence also face this problem. However, they 
are able to observe quickly the strengths and vreaknesses of their programs 
and thus to uncover implicit 'knowledge that needs to be made explicit, 
-Cognitive scientists now believe that the same, approach can be used to 
uncover aspects of skill that are not adequately treated in current school- 
ing. That is/ by trying to teach a machine, they learn how better to teach 
humans. For example, a machine can be given all the knowledge contained in 
a geometry text and still be unable to prove theorems. However, by trying 
tO" build a theorem-proving machine, researchers learned that specific 
theorem- proving strategies^ also need to be taught. The same approach can be 
taken with a variety of ^ognitive skills as well as skills required on the 

job. '."^ r " ■Y''' . ' . -v' 

Cognitive psychology has also made progress on issues relevant to teaching 
methods,. Of particular importance are emerging theories of cognitive skill 
acquisition, Thes^"^ modern learning theories identify stages of learning and 
focus on the nature ^6f the practice required to build skill facility as well 
as the understanding needed to support complex thinking. Learning by doing 
and learning by being told both have a role in the new learning theories • 



Cognitive instructional researchers are well on - the way toward a richer 
sense -of how to /teach, and it is clear that the computer will be a needed 
adjunct for improved teaching , This is because new theories emphasize close 
teacher-student/ interactions which are inherently labor-intensive. 



Underlying thought processes are best assessed and improved through tech- 
niques that build on tutorial dialogue • Practice has a revised role, Mor^ 
practice pf skills for which the requisite underlying knowledge has been 
established appears to be crucial. However teachers do not' have enough 
time to provide frequent tutorials on a one-to-one basis or to provide fiilly 
individualized practice assignments. Fortunately, some of this work can be 
delegated ^to computer systems, if good enough systems are built. 

By emphasizing advances in cognitive science, we' do not mean to imply that 
subject-matter specialists, classroom teachers, and instructional designers 
cannot make substantial use of advances in computer technology without rely- 
ing on improved cognitive theory. Indeed, many such advances are already 
being made in schools, industries, and research institutions around the 
country. The emphasis on cognitive science and its contributions in this 
report reflects our ' conclusion that intelligent tutoring systems are both 
extremely promising and less likely to become classroom realities without a 
coherent national effort. 



REALIZING THE POTENTIAL 



The possibilities described in the previous section depend upon recent, 
developments in artificial intelligence and other areas of computer science, 
in the cognitive psychology of instruction, and in 'Computer technology. 
However |. more work is needed for these possibilities to be fully realized. 
As discussed above, industry efforts are concentrated on low-risk efforts 
^ttiat generally fall far short of the potential that is evident for computer 
S]^tems that take advantage* of "recent scientific advances. To attract 
serdous efforts from the private sector , two things are needed. First, 
school leaders need to know more about the kinds of computer tools for edu- 
cation that will soon be possible, so that they will; demand more of instruc- 
tional^ computer systems. Second, a number of specific research issues need 
to be resolved so that private developers see artificial intelligence and 
cognitivG(^^ instructional psychology as sources of principles for product 
development. The basic conclusion of this conference is that striking 
improvement, in the quality and productivity of instructional computer 
systems is Attainable with a coherent and sustained research investment , . 

This research \should set new sights and' prpvide new options for local school 
systems, . The Vronference asks the Federal Government to take some' of the 
initial risks aW to set the stage for excellence in computer-based educa- 
,.tion, . -\ - ' ■" ■ ■ ^ . .■ ; - , . ■ •■ ■ ■;, [ '.■ , 

We recommend t^aA the Federal Government fund a coherent effort to build 
exploratory prototypes of the intelligent instructional systems we believe 
are possible, Such\ prototypes can act as guides for private industry and 
also as classroom-based laboratories for needed basic research. They would 
provide a vision of the range of possibilities for the computer in educa- 
tion, forcing attentijpn to/ the research issues needed to achieve those 
possibilities, and helping us to solve the problems involved in'bringing new 
sources of learning bower into the nation's many and varied school 



■;■ - ■ ; : . : . •,■ , : -^x^ 

systems'. They would also' be a medium for more relevant basic research on 
the specific processes involved in skilled reading, writing, mathematics, 
and other intellectual performances, on new ways to adapt to individual 
differences in aptitudes and progress in learning, and on the applied psy- 
chology of student and teacher , interaction with automated instructional sys- 
tems. / . 

Research undertaken to exploit the educational applications of ccmiputers can 
also help guard against some potential dangers. in particular , it can help 
avoid the discrediting of promising ideas by poor implementations, the wast- 
ing of limited resources on projects with poor prospects, and the use 'bf 
good technologies in harmful ways. Education in the computer age must hot 
cause students to be isolated from each other by electronics, bored or con- 
fused by poorly designed software, or rendered passive by systems v^ich do 
not promote exploration or initiative. 

The next few sections summarize the general' recommendations y^)f the 
conference for (1) a coherent, continuing effort; (-2) prototype research; 
(3) rareeted basic research; (4) some related concerns; and (5) issues of 
impLemenuation. More detail' is provided in the conference proceedings v^ich 
are printed in a second volume. ' ^ 

. ■ ■ ■) _ ■ , ' . ' 

A Strong National Effort 

■ ■ ■. .■' . ^ ■ ■ ; ■ ■ ...^ ■ \ • • ■ - • ■ " 

In order to be productive, the proposed jprojects should be integrated into 
cohierent combinations of basic, prototype, and field research . Some of the 
researchers who lay the foundations for improved uses of computers in the 
learning process must be involved in field testing so that research cind 
"^practice can inform each other . Researcher interactions with teachers as 
they learn to use . these new tools are especially important. Prototype 
teacher training ef forts are . a partial responsibility of some of ^ the 
researchers \*ho are funded based on the recommendations of this conference. 
At the very least, • researchers should be major consultants in the design of 
training systems, both to preserve the involvement of the knowledge producer 
in knowledge application and because of the feedback that teachers can pro- 
vide .■ ^y'- - ■ -'^V,; ' " - ■ • 

The appi'opriat'a role of government is to stimulate these new technologies , 
after which private enterprise can more efficiently realize the bulk of 
their applications . This suggests' that researchers must be concerned not 
only with how their ideas will work in real schools with teachers and stud- 
ents but also with the practicality of their proposals. s 

Projects should be large enough in scope . and duration to provide clear 
outcomes. While there will be need for bo t^ projects, the 

more exciting possibilities discussed ,ih this report cannot be realized , 
even in prototype form sufficient for testing of efficacy, without 
multi-year efforts. Interdisciplinary groups of cognitive instructional, 
researchers, computer scientists, graphic experts, teachers, other 
subj.ect-matter experts/ school {administrators, and parents ^^v^ be needed! ;; 
-The best experts must be attracted- to this effort. The work need not be 
restricted to a single ins titution; indeed that could be a serious 
limitation. However, it should be concentrated mostly in projects which use 



exploratory prototype systems as laboratories for basic research and studies 
of school implementation mechanisms, 

■ ■ . ■ , . ■ ■ ■ ■ ■ ■\ • i ■ . . . . 

Prototype Research ' 

Successful education depends upon complex dnteractTons of many people. 
Because of this, it is impossible' to know just how theoretical ideas 
developed in the laboratory will work out in practice. Once a science has 
generated an instructional principle. It must be tested and refined by using, 
it. The substantial promise in computer technology and the cognitive 
sciences comes largely from laboratory research and from technologies thkt 
have yet to be fully exploited in classrooms. The next step is prototype 
research, in which the basic principles are ref.>iied by trying them out in. 
pilot applications. 

To be useful, prototype research must be carried out to reflect and test 
explicit theoretical ideas about instruction, -This will allow us to 
discover vhy proposed methods work (or v^y they do not) and to lay the 
groundwork for further scientific inquiry. At the same time, practical 
evaluation of those methods can be started. 

Prototype projects must be of high quality, setting new standards for 
excellence and not discrediting good ideas with poor implemeivtations. It is 
preferable to have a smaller number of ^high-quality prototype projects, 
carried out by the most talented scientists, designers, and technicians, . 
than to have a larger number of lesser quality. 

Prototype research should allow teachars, administrators; and students to 
contribute their own ideas to the work, A recent example of how tKis can be ; 
done is the prototype project to place powerful computesr database resources 
on the US S Catl Vinson, By heavily involving the prospective captain and 
his officer team in the development of this project, the research team has 
been able to discover strengths and weaknesses of the system rp.\...i more 
quickly. More important, the system has beccMne much more powerful than the 
researchers originally intended , The captain has added other software on 
his own initiative. He commissioned an intelligent expert system to help 
manage flight operations as well as- an instructional system that uses some 
of " the database capabilities the researchers wanted to test. These 
additions came about because they were evident to the captain as sensible 
possibilities once he became a knowledgeable partner in the project . It is 
unlikely that he or his superiors would have agreed to let the researchers 
go as far on their own. The captain used his own budget for these 
additions which probably avoided conflicts over Whether the original effort 
could be stretched to accommodate both scientists' and officers • new ideas. 

This suggests a model for, prototype research on computers in education,- A 
project should be conceived as a partnership among researchers; a teacher, 
school, or school system; and in some cases, private companies. The ground 
rules should be that^ the general research ' goals proposed to the government 
will be met, but that refinements and additions to thosie goals will be en- 
couraged .v-^ of the original Federal contribution)^ 
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and pub li e sour ce s i; 



maiy be needed for these vrefinem^en^^^^ 

There should substantial freedom*':; f^^ to propose; / thfei own 

ideas, and some vmay propose^^ smali<^r-scale efforts. ,Hbwever/ . 

there " aire several prototype projects that seem par^ticularly important/ and 
we discuss them below. ' • 



Coaches And Tutors 



Artificial intelligence research has already resulted in several preliminary/ - 
versions of a computier tutor These;, systems have expert knowledge about "a 
subject matter / can - diagnose^, thia. ieyel; of a student's taowledge, v and. have; "^^^^ .:"■>;■ 
strategies for tutor ing^..^^ '^ to higher levels, of understanding. 'arid v.'-. 

" skill. -One system \canv>:-^^ play in a game ,that;i^ • :^ 

construction of. var^^^ anotherl coaches troubleshbotirig- ^p^ ' . ,\ 

/ an electronic , ci provides help in infectipuis disease : ^i>-:y^ 

. diagnosis . .^^It'^i a system must jDe : like If it" is ^ ^ ^ • j 

to be useful^in-a' school environment. v '■^■iffiy-^ '^^ 

Given ; riational^ 'j^^ in the level of science and mathematics, skills;- an /^^-^^^^^ 

■pibvious. choice ;for, a; tutorial domain is mathematical or scientific ■ problem ^^^^^^^ 
solving. The conference encouraged projects that explore> via pilot sYsti&a\\{^i[ 'y^^ 
./ building and testing, computer-based^Jba^ in the solving of algebraic^ ';'^^^ /^ 

word problems, development of computer algorithms, solving of physics and-^^^^r- 
chemistry problems, and similar tasks. :!^^^ 

; Another ^possibility; is§^^ coach to aid students as they try to 

generate -ideasN and. pla^^^^^^^^^^^^ writing. it could also help students think ;-'^ ^ 

about their goals arid encouriage them to continue writing.'^ When the student -.i^^ 

" . has finished/ a vdrafti/^^^ text analysis tool could comment ' on 

. spelling/; ^grammar , and styi^^ suggestions for revision. ; /' 

Diagnosis . ^"'^ '-'.^ . > ' ■ ■ '"'^ 

:\4 Given, an: adequate arialysis \/pf; human cbgnitiye prbc^ssesv/: cot '^^^ 
programmed ' to . ascertain^i^-.vgui^ ' Ksttident:^.s/)e /-know 

understanding, and . miscbriceptions C m^ke-v ; . : -/ 

■ ■ ^ ,teachdrs more aware /of ' /the ways;^^ iiv/>y)[3LicJ^ • iw-. 

knowledge combine to Vprp^uce - good .^j^^ .^hbw;;^^emv?\^ ^/■^ /Ip 

components /'are .;. def icierit/! in , ariy^^par^ticul^^ " ^ ;: 

: aware :of:s area's "' in \,;;j^ichv^ tJieir^-st:^ 
jivii/tobls fbir .diagnosis^ p«;;bperly;:s^use^ 
/ f roni' t^e 'f inishihg: 6^^ 
: pbweirf ul ' intell^tiiici^^ 

■Further prototy^- research ^^^^^^ ? ' i;^,;,-^^^^ 

, An example . of :.computer->based\/3^ >/ '.Our^ enthusiasm > -f or ' the *fxiss ibilir:: l*' ' y^'j^^ 

:•• ;ties\v9f /computer-bas^ is ^isyp^ called VbUGGY;''' ' -^^^^ii: 

•that "^Johri^ Seely/\BrbWn^V-^Ric^^ Burton,;;>- .andf^'their associates : have developed- ^.-/M' 
inxlthe 'flast^/few,,^ Va^ldiagnostic . sys tem that' could '■.detem 
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^^whether\i dele ting one ^^^o^^ steps in the subtraction process would 

:^^ead^ to the-'^^^ For' about a third of the 

pchildrenr studied, ; a specf ic vknowledge deficiency was detected that could 

teachers often cannot detect 
c-t^ errors merely by assigning more 

mexercises^v ,;:v\T^ arithmetic incorrectly does not help. 

! 3 With compii t^ as the one already developed, specific concep- 

j-itu overccme. 



^KTh^^jihitie^^^ the full power of a half -mi Hi on~ 

^v^ddllar ^c^^ answers to a set of subtraction prob- 

\lems-#y Thev^ to fit onto microcomputers 

that many ^schools ' already own# It is possible not only tO; detect missing 
^ vk but also to provide hints that lead students to dis- 

cover.:^mi'ssing steps in their arithmetic procedures* 



:r ^Le^ (Simulated Laboratories and Gaines) 

^ The :v:! computer can be used to Simula te , through animated di splays , a variety 
-of phenomena from v^ich students can learn • These include 'both the^ labora- 
tory exercises alreadyrin use as well as activities ^at- would be impossible 
to conduct, with i real; materials •^ v are a number of advantages to such 

simulationsv^;uJ;jTheyvi ]^ be cheaper > since no special equipment beyond the 
comfiuter- system itself is required for any^ given simulation. They can ope r- 

" iate^#on^ different u^^^ scales, allowing exploration of processes that occur 

J -tooi-qu tliat take so long as to be incompatible with the 

..'pace, of ^ schooling^^^^^ size is no barrier; it is as easy to simulate 

events', inside^^a^^^^ an entire galaxy as it is to 

simulaite something that v.one^^^ c^ see out ' the classroom window. Simulated 
evjert^s 5do no ;physica^^^ v^ile many important laboratory demonstrations 

- can be dangerous. Most important of all, simulated phenomena can be pres- 
ented in a; way that allows students to focus on centrally important events 
without being distractfed by logistic ^ d^ Even \ghen not a ccmplete sub-^' 

stitute^^: for real^^^^^^^^^ can be a good 

preparation%fpry|::)ti^ . 

. Simulated laboratbries^^^ of hypothetical or fictitious situ- 

ations that :may3 bei^abseht^^^^ life . For example , a 

simulated to understand >more specifically 

how their 

^y- Simulated laboratory systems ;ar^^ research • facilities for re- 

fining our\ icteas ^ about the importance of learning by doing . Properly de- 

signed;.^^^ 1^ can allbw^s^^^ 

results and% re can provide the. 

';S tiiderit v^^^ course of his \ , permitting 

\igreater-. self^i^ tiiinking^and^^^^ ; - ^ .r : 



Game 



formats J- ' S ome . of the s imula tibh iwork^^^^^ ; , invo 1 ve game forma ts 

?as pure exploratory ■ and tutoriai?^;i^ sevei 



as 

we 1 IV;? as pure exploratory^ and tutorial-;modes >^te several 
different ' -ins true tiona^^^^^ ' n^ underlying simulation 



capabilities will permit controlled studies of ; the different ways in v*iich 
each mode can be effective. 

Integrating computer-based exploratory environments and tutoring systems . A- 
number of good simulated laboratories have started to appear on the market. 
For example, students can predict the outcomes of chemistry experiments and' 
then see the experiments simulated. They can conduct simulated multi^enera- 
tion breeding experiments on birds and fruitflies. They can even experience 
what flying a plane is like. The area where research is needed is at the 
edge of such/^systems, figuring out how best to incorpo'rate them into suc- 
cessful instruction. For: example , recent research findings indicate that 
many' students, even after taking a physics course, do not understand the 
basic mechanical principles that interrelate force, mass,, and acceleration. 
Their knowledge of the physical world, is stuck at the level of Aristotle 
while they Uve in the world of Newton and Einstein, In a physics . labora- 
tory, students can be shown the ' effects of forces on objects, but they mis- 
perceive those effects. Now, computer 'programs are available that allow 
students to compare what would happen if their naive belief s were true with 
what happens in a world governed by Newton' s Laws , After ail, things can 

• happen in a video display that might be impossible for, real physical 
objects. The implicit message for tJie student i "If your beliefs were 
true, then this is v^at would happen, but in fact here is what happens in- 

.stead,'' ; However, that message needs to be made explicit, and we need to 
know more about what students actually take away from such simulations, . One 
way to do this is to build an interactive tutoring system v^ich could engage 
in.a conversation with a student, using the simulations as a tool for discus- 
sion. Such tutors are achievable within a few years. They could be \ery 
useful in helping researchers discover how simulations can be used effec- 
tively. They could also be used to upgrade the knowledge of science 
teachers , ' 

■.' ■' . " ' ".■.-■,'■.•»*.•.■■ 
temputefs As Tools For Students 

Computers can be powerful intellectual tools and media of expression for ^ 
students. With the aid of methods of artificial intelligence, they can even 
be genuinely intelligent assistants. For example , computers can do arith- 
metic calculations, manipulate algebraic equations, and construct and trans- 
form ctraphs. They can facilitate writing and revision by allowing easy 
storage and manipulation of text and ^^^^^^c^^ and suggest ini- 

provements in grammar. They can also be powerful visual aids to. design 
activities. However, just as we once wondered whether calculators were good 
9^ ^9^9^^ 1^ ^^Af we now ha ye ; . concerns about these .. new 'tools , Through 

prototype research programs; .we can begin to . learn how they can improve 
learning and v*iich ought to be made widely available, . 

y Automated dictionaries and interactively^ rrhe conference noted 

that the microcomputer and videodisc technologies can be used to produce an 
automated . dictionary and thesaurus. With such a system, definitions of 
words can ^ be accessed while reading, through touching' the screen, or v*iile 
writing, by' typing an approximate spelling , ; Preliminary dictionary programs 
designed for today's classroom microcomputers are already available, at low 
cost, ■'. ■ ' ■ 



There is some evidence that children who . do not learn very well are less 
prone to attend to precise meaning and to detail of a text. By decreasing 
the effort required to access information about terms used in textS/^ it may 
well be possible to create a situation in which slower learners learn that 
precision and completeness in reading a text will result in better learning. 
Prototype research exploring such possibilities could be combined with the 
mo^e basic' research on thought and learning processes mentioned below. ' 

Similar benefits may come ' from extending the autoniated dictionary concept 
even further, into the interactive text. The /prototype conferees had in 
mind would include the kinds of explanatory resources just described, so 
students could jask to have a concept explained or a point elaborated, in 
addition, recent work on individual differences in learning skills suggests 
that the interactive text should have questions: embedded within it for stud- 
ents to answer. Analysis of a student • s answers to those questions would 
allow subsequent presentations to be geared to his or her level of under- 
standing, ' 

Electronic libraries and data bases , A variety of computer-accessible 
data sources have recently //ecome available. These syst^ims might be 
important forces in improving education.. They could allow students to 
access much ticher and more recent information than is. present in most 
school libraries. Computer-accessible databases can serve as source 
material for student research, and writing projects. When computational aids 
are also available, students_ can access real quantitative data and learn to 
use it, \ Working with information about a real space-shuttle latinch, for 
example, is likely to be both more motivating and more informative than 
working with unrealistically simplified; fictitious data^ ih addition, the 
skills of data base laccess and information retrieval are themselves part of 
what-^-.will cons titute literacy in the future ^ Indeed , literacy has always 
consisted largely of sorting through existing bodies of knowledge, putting 
ideas together in new v^nd productive way;3> and learning how to learn. 
Students csin , best learn literacy skills in the context of substantive 
information needs and rich information resources. 



Computers As Tools For Educators ' ' 

Feedback, grading,- and other teacher aids . There are - already 
commercial ' tools available for increasing teacher and administrator 
productivity by facilitating record keeping , grading , homework assignments, 
and lesson planning. Some of tiie approaches need considerable refinement^ 
but this is -likely to occur without, further Federal investment, A more 
sensible area/" for new activity is -^on tools , for instruction in writing , 
another problem area "in U,S, education. Many students already write their 
essays on word processing systems, and this can be expected to become even 
more prevalent. Once a student's work is -in machine-readable form , <lt 
becomes possrlble to provide new types of essay-correcting tools to teachers , 
One possibility is a system for efficient teacher commenting on students • 
writing projects, : In addition, spelling and; grammar correction and text . 
summarization systems would help save teacher time , . It • is important to 
•explore the effectiveness of such approaches in order to ascertain the 
potential of integrated computer systems for schools • 



Software authoring and customizing systems . No national organization, 
whether government or publisher, can decide vdiat is best for all students in 
all schools.. Therefore, it is essential that- teachers ■ be able to modify 
instuctional software systems* to suit the needs of their students and the 
community they serve. One step toward this end is the development of 
software authoriiig languages that teachers can use to adapt software to 
their specific ' needs. It is too early to specify a complete authoring 
environment for/teachers, but it is time to start 'exploring the uses 
teachers make of tools that allow them to customize software for their 
specific needs. One or two of the proposed prototype systems should include 
specific resources that allow teachers to make modifications. 

Communication Networks 

Networks, videotex facilities, data banks for parents and children, and 
computer-based bulletin boards are already starting to be developed. Such 
networks can enable interactions between students with similar interests or 
similar special ne.eds (e.g. , the handicapped and the gifted). They can also 
allow access to ihform.ation and tools not available in the . classroom. 
Finally, they can be a basis for teachers' exchange of resources and ideas 
and for interactions between teachers and the developers of new educational 
programs or methods. Attentioh must be given to richer, analyses, including 
observational analyses of usage, cognitive analyses of the skills required 
to use network* resources, and assessment of the contributions of such 
resources to the development of reading and writing" skills. 

Computers In Teacher Education 

• , ■ ■ ' ' ' ■ ' '. ■ ■', 

Some of. the prototype projects to be funded should also examine the role of 
computers in instructing teachers about the potentialities aiid limitations 
of computers, so they can cope adequately/with the computers they- encounter 
in their schools and achieve a level of "computer literacy" at least on a 
par with their students. Teachers also need to learn more about recently- 
demonstrated instructional principles and teaching techniques, and tliey need 
to develop new educational goals fot preparing' students to live in a techno- 
logically driven society. ^ 

These te'cicher (re ) training needs might themselves be addressed with instruc- 
tional computer systems. This would itself be a form of learning by doing^ 
since teachers would be using computers for their own learning in ways simi- 
lar to those , used to teach their students. Thus^' prototype research on 
computer-based teacher training is an important part of the overall research 
agenda^ . . > ». 

Basic Cognitive Research 

If we are to '"^realize the poten^tial of computer technology for helping stu- 
dents achieve high levels " of capability in mathematics, science, reading, 
and writing, targeted basic research of several kinds will be needed. 
Cognitive research should build upon advances in the psychology - of complex 



human thought processes and in artificial intelligence. intelligent tutor- 
ing systems cannot be built without first analyzing the specific knowledge 
they are to help . students learn. Research is also needed on how such know- 
ledge analyses can be turned into effective instructional strategies. The 
necessary research on the nature° of skill and the nature of learning is well 
underway^ but continued work is needed. Prototype research projects can 
shape that work into more practical directions. 

Certain types of computer science research are also needed. This includes 
research that explores the uses of computer technology in diagnosing 
individual student* s difficulties in learning basic skills, acquiring new 
knowledge, and solving problems. In addition, existing work on 
computer-based intelligent tutors must be refined by testing results in the 
course of the prototype projects discussed above, <v 

In addition, we need to understand ^at.. motivates students to become active 
readers, writers, and problem solvers, and how ccxnputers can be used to sup-- 
port these interests and not limit them. Researchers must remain alert to 
the effects, both de'sirable and undesirable, that various uses of computers 
may have on students • patterns of development and on the social organization 
of the classroom. 

The conference participants support long-range national . investment into gen- 
eral basic research in all these areas, Howe ve r / we limi t our 
recommendations here to specific activities from which we expect a 
shorter-term payoff ; enhanced design principles for instructional uses of 
computers in education . We also strongly urge that the research integrate 
the insights of teachers and other education practitioners with those of 
scientists. The development of useful systems will rest on the twin pillars 
of practical and theoretical knowledge. 

Thought And Lear ninig Processes 

It is important to obtain a better understa of the thinking processes, 

that are needed for acquiring sophisticated concepts and for solving prob- 
lems. Mathematics, science, and writing are all problem-Bolving activities, 
and the computer / appears to be well suited to coaching students through 
problem solution , All basic schooling goals involve deeper understanding 
and the ability to acquire new knowledge autonomously. Thus, the skills of 
learning and of problem solving in school subject matters should be a speci- 
fic -focus . of ■ research, ■ .//^^ ./"'^^ 

Expert and novice thinking^ , .„Recent--studies _ have revealed that 
students approach learning tasks with many prior conceptions, based on- life 
experien^esV which can^ be obstacles to new learning. These conceptions are 
very resistant to change , Work to date has been descriptive. Future work 
should be inqreasingly analytic , aiming to understand v^y students' 
conceptions persevere so strongly, how they might be modified, and how the 
conceptual difficulties students will have when they encounter new subject 
matters might be predicted. 

Work is also needed on high levels of competence. Studies designed to make 



boS if .-nt W knowledge that enables expertise will be important 

■both in Identifying more specific curricular goals and in developing vays to 
achieve them. . Assuming that current educational practices are not ^e^'^^r! 
feet, such studies might even go beyond: existing, expertise, devising new 
for thinking that are better adapted to students' limited capa- 
bilities. Just as word processing tools and spread-sheet analysis programs 
have increased the effectiveness of businesses, there may be similar ^ols 
for increasing learning capabilities. Better understanding of the 
.components of high levels of expertise can inform efforts to build such 

^^S^ recently, theories of learning dealt only- with very simple learning 
tasks . However , new insights into human thought processes . are leading to 
the development of improved tiieoretical models that can account for the ac- 
quisition of more complex knowledge and skill. As we shift our sights from 
basic, primary skills to intellectually demanding activitres such a3 
science, mathematics, and computer technology, these new models will be 
especially important. Principled approaches to instructional design should 
produce more effective and efficient learning. 

^ Con'P^ehension and writi ng strktegies . Research to date suggests that 

even secondary school students have difficulty summarizing texts, defining 
main points, skimming text to abstract information quickly, taking: notes, 
co!n.f^ "^"^ ^"It r'^^l^"^ compositions. Conference participants envision 
computer aids that will help students develop - these higher^level skills^ 
However, greater understanding of the cognitive components of these skViis 
is needed before we will know which possibilities are likely to pay off 
Even after t^e strategies most effective for various reading and writing 
tasks^are Identified, there is still the problem of discovering effective 
hoor^H r We also .need to assure that the automated 

tools that are provided for students do not become barriers to better human 
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\ using the computer to stimul ate, autonomous cogn itive facilit-^: 

Speci f ic research is needed to promote the design' of effective computer 

/? ^^K^^""^"^; effective comprehension, 

.jnriting, .and problem-solving skills. We. need to know how reasoning coached 
by^a computer mentor becomes internalized so that students learn to reason 
actively, not to wait for the machine to do: the thinking.. We need to know 
when .(and. for how; long); studentsis coached through 

intellectual tasks. The successful use of coaching techniques will depend 
on the materials and . context in which they are applied . we need to know 
more about . the. conditions of prior ^^^^^^^^^^ . to 

internalization of planning and reasoning procedures and the conditions that 
will best^ster learning of rnew content in diverse subject^^ We also 

^ '"^ow which mentor functions are best carried out in the social 
milieu of the; classroom and which in the - more private space of the computer 
terminal , . ■ 



Knowledge structure And Knowledge Retrieval ~ » 

^f^.'^'^°^^9e is accumulating :at an accelerating rate, in spite of our op- 
timism about improvements in how we teach, work will also be needed on 



vha^ to teach. Recent work in cognitive science indicates that the* manner 
in which knowledge is structured can greatly affect the ease with v^ich it 
can be used • in various intellectual tasks. Further efforts are needed to 
learn how the form in which knowledge is represented can facilitate its lat- 
er recall v*ien' needed to solve a problem^ and its generaliza tion as more ex- 
perience and new knowledge is acquired. It is especially important to 
identify core knowledge v^ich/can allow derivation or subsumption of large 
am*ounts of related informatioh. We- need to understand the processes 
involved in working from core knowledge , and we need to )mow \diether the 
specific .core requirements .might differ^ for. students with* different 
aptitudes or different occupational expectations, ■■ ^ 

In addition to better understanding of v^at students need to know, further 
research is needed on the cognitive skills^ they use to retrieve that know- 
ledge when they need it. We need greater knowledge about how humans young 
and old) store, process, and retrieve information already contained in their 
heads and how they can improve the efficiency and effectiveness of these 
processes. We need to understand the role that self-awareness and self- 
management strategies play in both the learning and the retrieval qf know- 
ledge of different forms. If ^computer-based instructional systems and in- 
formation resources are to be effective, we need to know how information 
sources (documents and computer files, electronic and traditional libraries, 
printed- and electronic dictionaries) can be designed to facilitate informa- 
tion acquisition by humans," 

• ' . ■ . .f- 
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Mental Models 

"Mental models" are relatively simple conceptual schemes used by people to 
explain, predict, and control phenomena they encounter. For example, the 
"spread sheet" is a mental model that many business people use to facilitate 
the handling of financial data and the preparation of reports. Even though 
computers do not need spread sheets to do the work for vAiich people once 
used them, the spread sheet has been retained ; to facilitate human-machine 
communication. Mental models may be scientifically or technically primi- 
tive, but they allow people to gain control over forces in their environ- 
ment, such as automobiles, computers, and complex business data. 

It is important to study the mental models people use for various intell<^c- 
tual tasks, since such models allow computers and people to work together on 
complex problems, using simple, but powerful, . metaphors • This should espe- 
cially be the case wien a -scientific or technical domain is being taught to 
students with less well-developed scientific capabilities or interests. 
Different models can be : fprmilla ted to deal with ttie same phenanenon or 
device , For example, a computer scientist' s mental 'model of a computer might 
be different from that of a computer repair - technician or a business person 
using one for word processing. We need to understand better the principles 
thatmight account for the success or failure of mental models, - 



Diagnosis of cognitive Capabilities 



A cognitive psychome tries . As the complexity of diagnostic assessment 
increases, new psychometric models based on cognitive 'theories of competence' 
in school sxibject matters must be developed. These models will be needed to 
guide decisions about '^ow to improve, automate, and optimize, diagnostic 
testing. They will also help us summarize and interpret ccxnplicated 
patterns of errors in students' writing and problem-solving performance. 
Further, they : will permit us to study and summarize changes in students' 
diagnostic profiles .over time. 

As powerful ways to diagnose students' abilities and difficulties are dis- 
covered, it will become possible to combine diagnostic assessment with 
coaching and tutoring approaches. Diagnostic assessment and training of 
basic skills by interactive computers may be important for overccxning the 
educational difficulties of students from special' populations, such as the ' 
handicapped, the learning disabled, and those frcxn environments with differ- 
ing language experiences or differi;ig exposure to modern technologies. ^ 

A cognitive psychometrics will also facilitate better" evaluations of 
computer-based instructional tools. The questions to be asked of such tools 
include whether they have any positive effects at all; how long those 
effects endure; whether they transfer to everyday situations; and whether 
they replicate over different student populations, . materials, and 
environments, --To answer these questions, both conventional and new 
approaches will be needed, but the new; approaches based on cognitive 
theories of competence are ; particularly important. They may provide 
knowledge v^ich can help shape better principles of instructional design, . 
principles grounded in a rich understahding of the thinking processes that 
we want our children^ to acquire, V - 

Artificial Intelligence ' o ' o/' 

Although artificial intelligence is primarily, concerned with computers, 
some of the research in that field is highly germane to educational applica^ 
tions. Because efforts to make computers behave intelligently, require a 
great deal of explicitness, >thay can yield insights about human thought 
processes. -Mso, artificial intelligence research efforts to ^ make conpu-^ * 
ters more usable by people - without sre training will have applica- 

tion to the. design of computer-based instructional systems, especially 
intelligent tutors and diagnostic devices, .The research the conference 
envisions should involve a number of scientists with backgrounds in artifi* 
cial intelligence, ■ " " 



Other Research Issues 



.' Motivation Research 

Students' use of computers in classrooms may affect their motivation tb^^"^^^^^^ ;^^ 
learn in both desirable and undesirable ways. The availability of powerful , 
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computinjg resources to. help students acquire basic skills may enhance devel- 
opment of a personal sense of intellectual canpetence, leading the student 
to participate more fully and effectively in everyday classrocmi activities'. 
There also may be negative motivational consequences arising from misuse of. 
computerized tools in the classroom. Excessive interest in computerized 
learning games as a means of entertainment may lead students to lose inter- 
est in participating in teacher- led activities or sustained, independent 
work. Students \^o are already poorly accommodated to the social life of 
classrooms may become even more poorly adjusted if they interact less with 
other students and teachers and. more with computers. 

Research is needed on the motivational consequences of instruction by compu- 
ter, teacher-led instruction, student group activities, and individual seat- 
work. We need to know \^ich approaches should be used when. We also need, 
to understand the motivational consequences of different kinds of computer- 
based learning. If less able, students use computers primarily for diagnos- 
tic and remediation pxirposes v^ile more .able students are engaged more cre- 
atively, will only the latter come to regard the computer as a powerful tool 
rather than a taskmaster? We also need to better understand game environ- 
ments, so that we do not . fall in to the trap of motivating children to focus 
their attention on superficial reinforcers while playirig "educational" 
games o ; ' ■ • ' 

Research On Introduction Of Computers To Sfecation 

Some research is needed on social and psychological factors involved in in- 
troducing new educational- technologies into existing sociai systems l-ike the 
.school. Studies are needed to identify facicors that lend people or institu- 
tions to tesist or accept new innovations. This knowledge can help in de- 
vising improved methods of communication ;<;r)ci t<:trti'cipa tion that might facil- 
itate change and increase the effectiveness of innovritions . We need speci- 
fic knowledge of the perceptions of teachers / Btudents, parents, and school 
administrators \^en different formis of technological innovation are intro- 
duced. , An' Important component in this research must be consideration of the 
costs involved. We need to know both the monetary and social costs attached 
to different potential imri: ovements and the effects of such co«ts on accep- 
tance. Some of this wor!< can be carried out in . the context of the proposed 
prototype efforts if the projects are of sufficiently long duration. * 

Research is- needed on new roles for teachers, new organizations for claais- 
rooms, and new educational settings. For ins tance, analyses should be 
concerned with (a) the role ; of the teacher as : selector of existing 
courseware, as courseware developer, as classroom manager, as coordinator of 
"intellectual communities" estciblished through^^^^ computer ; networks,, and ' as 
creative tutor and coach; (b) the role of the student as peer tutor , network 
"community" member, database user , courseware developer, author, and editor; 
and (c) the'role of the administrator as the person, responsible for learning 
resources and ccnnputer courseware development centers, as a teacher training 
specialist, as network library coordinator; and as research and development 
liaison coordinator,, - v . ^ 
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Helping Schools Become communities Of Educational Computer Users 

Even the best tools for computer-based education will not be widely used un- 
less (a) care is taken to put' them in forms that solve school systems' prob- 
vlems; and (b) effort is allocated to teaching teachers how to use these re- 
sources. In this section, a' set of goals and concerns are outlined that 
conference participants felt should pervade all national efforts to improve 
computer-based education. 

Computer as helper, not master . The computer can be our servant in 
education, a new kind of servant that can be asked to do things m have 
never before tried to do. ourselves. We must be trained in order to best be 
served, by it. In our vision of new possibilities, we must also recognize 
the limitations of our computer helper. A computer cannot replace human 
role models .in education, nor is it smart enough to supplant human teachers 
in i^eir sympathetic interaction with children. Our national goal for the 
computer in education should be to find ways for /it to help children le^arn, 
help eliminate teacher tedium, and give, the teacher effective support 
systems beyond the capacity of parents, locJal schools,, and school districts. 
Computer enhancement of teacher productivity of fers a way out of ^ dilemma 
of rising education costs leading to lagging teacher salaries and thus to 
the loss of many .of our most competent teachers to other professions. 

. Need for training . Our experience with the introduction of 
educational television suggests that 'schools and- school districts must plan 
for staff training if new technologies are to be fruitful in the classroom . 
In addition to subject-matter revi tali zation, as has been provided by such 
resources as NSP Summer Institutes and the National Writing Workshops, there 
will need to be opportunities for teachefs to becOTie familiar with computer 
resources and . to learn how to use . them well. ^^ E the 
technol^ogy-driven education world vre are entering will require the 
development an4 evaluation of innovative prototypes for training present and 
future school personnel. \ Obviously, some of this ^ t^^ might itself be 

delivered by computer, and this is a matter some of the prototype research 
efforts should explore i,. • . ^ ] " Z<^'-- y^^v ■. 

While the need for training programs is beyond the purview of this conf er- 
^ence, the conference felt compelled to respond to teachers v^o pointed out 
the lack of systematic cpncern for training in computer-related educational 
approaches, especially for teachers of^ subject matters other than science and 
mathematics. Teachers are ^'^m^ and underequipped; they cannot be ex- 

pected to learn about computers on their own time and with their own re- 
sources. The conference recommends that issues of- teacher (re) training be 
the subject of a planning effort similar to the one we have undertaken . 

prototype school and classroom desicrns . Research should be mipp^rtPd 
that leads. ^ to well-motivated., prototype designs I'or computerized learning 
facilities r -computers in classrooms, canbinations of in-school and 
, out-of-school facilities, and, if it should prove effective, ^resource center 
arrangements. Demonstration sites that can be evaluated will be necessary. 
Such sites should emphasize joint' involvement of students, teachers, and 
parents in the - learning process. Again, they should address the issue of 
iill££l ccc5)uter-based activities are effective, not just whether they are. 
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prototypes that provide students and teachers vd.th free and rich access to 
the computer throughout the day are especially Important. 

Quality assurance . The software initially sold to school systems was 
mostly of mediocre quality or worse. A variety ^oE initiatives will be 
required if this, situation is to improve to the point where we can think of 
computers in the schools as a major factor in fostering excellence in 
education. Efforts should be made to integrate practit"ioners,.. scholars, 
technical experts, computer companies, and publishers into the computer 
system development process. Work is needed on systems for field testing and 
evaluating all courseware, not just prototypes. ; Quality guidelines -should 
be established for authoring systems, for instruction and assessment, for 
selecting software programs, for field testing and evaluating in school 
settings, and -for developing software in the private sector. 

T elling teachers and parents about uses for te^ jgompUter i& education . 
Teachers and parents need to now what kinds of eff^Ssive uses of ''?«u»uters 
are currently possible. The task of reporting results from the .i??a|ooseG 
research must involve the researchers themselyes. This is because the ideas 
from cognitive and computer science that support this work are very new. 
Consequently, they are easily distorted as people try to fit them into their 
existing ways of thinking about the world. Scientists supportj^ed in the 
proposed resfiarch activities bear particular responsibility for explaining 
their results to;, parents and teachers or at least for monitoring the 
explanations produced by others. 

In addition, a research center or a larger research contractor involved in 
other proposed projects should have the diarge of producing information on 
computer usage for the schools. A series bf reports should be prepared that 

.are easy for parents and teachers to understand and apply. The series 
should include reports of research results and their , implications for excel- 
lence in education , critical guides to available computer resources , and 

: models of effective computer deployments and usage with different levels of 
computer resources. Reports should ihclude accounts of successful 
activities generated at the /local levels and perhaps also analyses of why 
those innovations were successful and hcv.' they can be replicated. 

Long-term evaluation. The conference also recommends long-term 
ongoing evaluation of computer uses in schools to assess the effects of 
individualized computer-based, .instruction ' on the achievement and 
self-concept of students. Studies should be conducted to compare 
computer-based instruction to alternative . approaches. other assessments 
should review the effects of hardware and software on such student variables 
: as achievement, time-on- task, self-concept, and motivation, and on such 
teacher variables as effectiveness and burnout. , A broad study of the impact 
of computer and video ' technologies on children's development should be 
considered . \ ^ 

Challenge of new technology in a democracy. Some people fear that the 
computer will increase the already wide gap between the haves and have-nots, 
between those vAio use computers routinely in their homes, and those who 
cannot afford such luxuries. if this tool is to be made available in our 
schools, it should be" made available to all children equally. A unique 



opportunity of the new technolcigy for education is' to extend the learning 
travTd^'nt^"-' the school and the home. Yet/ s^c^afcaTe .v^st i:"ti':? 

that equality of computer-related opportunities in the^chool is not eroSd 
by differences in home computer :;.availability. is not eroded 

. - A community of learnin g ; beyond the classroom . Part of the work of 
learning, «ven school learnin^,v.is done outside of ^hool. stude^s arf 
gxven homework for a variety ofW,easons. It offers a t^^ect^ 

provSs tf"1^,-^^" °^ the fifty-minute hour. I? 

provides the additional practice that can be done largely without teac 
assis^nce (or at^least^ is not .^e highest-priority u^^^Ser lt^eK 
sfho^ ~^P"ter-based learning environment moves beyond the. ^lls of the 
school, homework can change .substantially. Groups 6f students can work 
toge^er even If they live in different parts of ^to^. xhe work of Tearing 
can occur at home as well as at ■ school and in ways that go beyond homework 

ext^ed^S"""" """^ > "'""^^^ ^ Partic^^^f "r^'^his 

extended learning process' as well. ^ ^"j-a 

^Z:.^^T7^^^^ 4oarners can kist only if its participants have be- 
^^"J Of interaction. Parents need ^th specific 

i^Tt;^Si"^H'^Y;-^^^^ more generally, a chance S keep 

If Se\h?r'\f 'M^^" • • — «o«=iety depends upon a respect for the wisdS 

entl Iff ^^^^ the computer revqlution leaves pa^ 

ents and teachers., behind . . • - \ =» ir«r 



|conomic realities ^|,a-he visions have presented must be mediated by the 
Ztlil ^ wori<l.^n.v^ich providing: pencils to students is a burden^ some 

chinerilT ° '^^^^^ and school S^! 

chines will^compe te w3.th demands, for ^teacher; salary improvement and tax re- 
s'^ t "^^^ ^^^^^^^^ computers for educa- 
tion must be demonstrated with care-in ^^xemplary prototyM oroiects 'i^ 
are visible, criticizable and ^assessable KC^-, prototype pr«^<^^^^^ 



Implementations Of ;£^^f|(j|^^^ 



suL. Tf prototype research activities are essential to the ^ 

aierif"!,'^^-'"^^"?" °^ the potential of computer and cognitive technolo! 
gies^^r education,.. However, fruitful implementation of this research will' 
not be^easy. The fundamental difficulty is that while pr^^ess tn c^pute^ 
and other information, technologies has been very rapid, ^st^atic Sforts 

^^^r'^.^''°'°''': ^ ^^^'^ Inf?ncy!"^'ril1n'°en'! 

with W^.. ■ P^vate investment lie in directions 

lid economic support: office automation, integrated circuit design! 

and even arcade game production. Public schools are presently beset by^il 
naneial, difficulties, as are universities Both i f " 

« i ^j.:, r"-'-"-®^' Botn hear most clearly the de- 

mands from traditional cost centers; j i-«i«= u«5 

Many school systems and many university researchers will respond to any call 

^cHT^ T' .1 have the. 

specific talents needed to ; pur sue the work that must be done. if the' 



Federal goal is to realize the full potential of computers in school$.^great.^^^^ 
care will be needed to assure that requests for proposals attrajct .^#^st^ 
available computer expertsy cognitive scientists, and educati0al^$^ 

; ists^ .. , , ■ ^ ^' 

ft»rms of >^projects > The talent available fbrv^t^^ work is , 

limited. At the present stage of knowledge^;>it/W}^ to focus all . 

" efforts in one or two directions /which , mtgh^^ turn out to be 

productive . Conversely, it ^ would be jjunv^ so many diverse 

efforts that talent "and funds^ -^are^^^^^ small to- be 

significant. This suggests ,,,^^1^ and small projects. In 

general, projects should ii^^Und^^^ long enough to assure not 

only scientific advances b^t^^al^ those advances into 

useful principles of instructi^^ 

Successful applications of^<^ to education will require many differ- 

ent kinds of ?=g3^r€ise^^^^ matter, in computer technology, in cogni- 

tive -sci^i^ce^ar^^ in-teaching and in design. It is unreasonable to expect 
that ^ia^#^le cap^ili ties will be possessed by a single individual. Hence 
: ..:i-t-'^J^'c5^^ contexts where persons with different kinds. 

^#^of expert^^ can effectively collaborate as a team. This collaboration can- " 
^^.^ot^^ each expert must know or learn a substantial amount 

feaboii^^^^^ other relevant fields so that teams can operate effeqtively. 
- ^ •■ ■ ■ ' , ■■j. ■ ' - ■ . ■ 

Because of this need for collaborative activity, the conference recommended 
the establishment of some research centers dedicated to the advancement of 
new scientific and technological approaches -to education. These centers 
' should be widely accessible to educational researchers and designers 
throughout the nation. Lilce the Psrmi Laboratory, they should both produce 
research directly, .through a core staff, and - provide resources for others to 
do work th^t requires special resources. 

These centers should have , a good resident staff doing work of high quality. 
To attract such people, firm, multiyear commitments will be needed. In ad- 
dition, the centers should provide a working environment which .talented re- 
aearchers -and designers from other places could use for Impre limited peri- 

: ods. Such >dsitc>rs would ensure .intellectual vitality by providing an in- 
flux of ''new ideas and the^ would help in disseminating - the ideas produced in 

•; the central facilities* ^ Some of these workers might be supported by the 
centers while others would use grant funding or other sources. Limited re- 
sources should .be ^ovided for continuation of work initiated by a visitor 
: even after he or she leaves. This might be an ideal training vehicle for 
graduate students. With adequate computer networking, it is quite feasible 
. for a researcher to bring a student to a center, start a project, and have 
the student stay to finish* it, reporting to the senior researcher by 
network..; ,■ - v . 

Master teachers 'should be recruited for, temporary visits to the centers. 
They could provide realistic- i^^ the design of new instructional pro- 

totypes While there and woul4 return to their schools with new approaches 
Which they could pass on to their colleagues. Funding for such visitors 
should be included in the research center plans. 



-. . might suppress . alternative,^pdi^j:s.;of, Viewr-r-it-.;«6uld^^i^^ be'^ gecSpScanv ' 

-S^^S S^SPy'^'^^W^^^^^ trolly 

ii^^^^eSa^^^^^ "-arch ' center^;^^^^^^ be' a-coIpiementaW - 

open Research grants, program for. individiiil'-^^^^^ . . . - , . 

?W.Jv potential breakthroughs in instruction «e;.haye- been discussing are 
largely , the -result of - Capital -anvestinents ^ by • tikis ' country in Lsic 
sca^ntxfxc research over : several /decades. ■ As «e begin exploiting Se 

^l^€°%:^^^''^'t' ''^^ ,-Iortant :to.reSember our dbUgation^ . 
the next generation/ . / Con^^ participants " strongly encouraoed the. 

sSr'r:sea:c\''"':^^^^^^^ -'^"itJ.e 
thr rLs?it 'wh vT i^''^-'- Just- as the present bpportunities are 

the result- both, :of making the necessary investments in the past and of 
trusting in; part of -.the judgements of' the scientific ccxnmunity^n deJldinf ■ ■ 
where- to invest, so do we envision that future opportunities" ^ 11 depend ' 
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THE COMPUTER AGE 



Herbert A# Simon . - 

Professor of Computer Science and Psychology. 
Carnegie-Mellon University 
Pittsburgh, Pennsylvania 15213 

The title of' this conference was chosen with either a good^deal of care or a 
good", deal of luck — I think care. It is a conference on research, on compu- 
ters, and on education, which leaves us a good deal of leeway in finding out 
what are the useful and profitable ways of putting computers to work in edu- 
cation. And, of coursfe, the phrase "research on computers" is itself 
somewhat ambiguous. It could m^an research -about computers in education. 
But it might; mean research in v^ich you do your research on cOTiputers.- I 
will have something to say about that in the course of my remarks. - . 

■ ; . / ■ •■' :^ ■". . ■•■ . ^ - . • 

The Computer Revolution 

Nobody really needs convincing these days that tJie computer ' is an innovation 
of more than ordinary magnitude , a one-in-several-cent\jries innovation and 
not Q one-in-a-century innovation or a one-in- ten-years innovation or one of 
those instant revolutions that are announced every day in the papers or ;on 
television. It is an event of major magnitude. Every major innovation goes 
through a longer or shorter period that might be called its "horseless -car- 
riage" phase. Just \ as the automobile v^en it was introduced was simply 
another way of pulling a cart along the road , so with every really novel 
'innovation our first thought is that it is simply going to do something v» 
"have been doing all along but do it better or cheaper or faster or more con- 
veniently. . ■ 

We are always surprised when these innovation^ "^^^ out to have a signifi- 
cance for us that is quite different from the technology we thought we were 
improving.. So the real significance of the automobile for ' us has not been 
cartage , although an awful lot of ; things are' hauled over the roads these 
days;. If wa weren't hauling them over the ;;oads,v we would be^^^^^h^^ them 
over the railroads , which would make the railroads' feel a ^ lot happier. But 
it wouldn't be any great thing, a few percent one way or another in the 
efficiency of our economy. The importance of the automobile was its crea- 
:tion of the suburbs and was i 

pie te with children and dog. Those were the real significances of the auto- 
mobile. ' ' ■' • ' ' , 

•And similarly, with /the computer. Of course, the computer age is a much 
newer age than the automobile age , and we have not really found out yet v^at 

Vlies beyond . the. h Here the horseless, carriage {)hase 

means the number-crunching phase. Computers were, bf course/ invented to be 
number-crunchers,, although some of their inventors, like BabbageT- a century 
ago, or Allen Turing in this century, had the foresight ifo see that they 
were really very much more than that. 



worlHni '.K 25 or 30 years of extensive use of computers in the 

Of ih.^ in^ this country^ .95 percent of the computer power and 95 percent- 
of the computer time is still being devoted to. crunching nuirJbers either for 
purposes Of scientific and. engineering calculation, or to keep. the payroll 
and keep the ledgers in business organizations. ptne payroll 

Perhaps the njost urgent target on our agenda when we talk about research oh 
computers, whether in education or in any other field, is ,to devote our 
"^^^^^^"^^^ 1^ ^^^"^^ that nunJber-crunching, what 

Z'^r^Z/ .r ^^"^ their potential really is. Now, .events of 

the past three ^ to five . years-with the micro-computer suddenly arriving in 
the household (partly as a result of miniaturization and cost reductions) 
orfn2L''°'"^i^%''T"^ work in the business place and tJie home as a word 
processor--all of these things have made us much betWr prepared than we 

harvl'^.^^r ''"^ to understand that the cJpu^er revoluti" 

has very little or nothing to do with arithmetic. 

Well,: that is ^ to continue to 

do quite a bit Of .arithmetic for a long time, and there are some in! 
teresting research questions I am sure we vdll get into as to whether kids 
^t^rt^^ in the computer age. But we are beginning to 

see th«t this IS really the tip of the iceberg, and there is a lot more. . 

computers in Education 

That^ cxDSputei^Mght -Have role lin ;^ubatioH :^s--nSE- a "iW idei^~ i 

. think j«>u^ wovad f^^ attempts, at computer- 

aided instruction going back at least 25 years. in this buildiiig, the M.S. 
n^^?"f%r- ^"f"^^^^^l ^f"i"i«tratioil have been playing a business game as 
part of their education Since about I960. " 

As^ Will point out moment, the introduction of the hand-held 

calculator is: not only an example of computer-aided ' instruction but an 
interes ting example . But if we look at the educational system today, at the 

u^^.^— ^^^^ ^^^"^^^^^ I think' we 

would be very ^hard-pressed to make a case that computer-aided instruction 
^CAIi has really made any substantial difference to the educational system. 

. prj^rams^ha^^ in the ^rill and practice area . 

And I will TOntion; some other kinds of..^ 

longer run.will prove even n«re useful and" more interes ting^^ ^^^^^ 
O^I sin^ly^ has not made a great Im^^^ 

and talk about research on computers, in education, it is important for us to 
ask why. If we don't know why, then finding out is certainly one of the 
targets we have to mark for* research'. ' . 

about It. The Jirst is tS^^at a lot of CAI fits the horseless carriage des- 
cription, we simply toft., oyer all sorts of things we used to^^do with kids 
(for- example., there waft drill . and practice .before ther4 were conputers. 



usihq such advanced technological devices as pencil and paper, and there was 
the\progran)med text, which preceded the computer by some years) ^and we took 
those\procedures and simply put them on a computer. 

perhaps that is cost effective, and perhaps it isn't. That depends on th^r 
current cost of hardware and software. But whether . it's cost effective, or 
not, it isn't any great shucks. We haven't revolutionized the education 
system, we havfen't even advanced it very far, if we have merely taken the 
kinds of things we use to'' do with kids with drill and practice and put tliefn 
on a computer. If one has any affection for computers (and there are peo- 
ple v^-o have, just as we , have affection for yachts and automobiles), bne 
might even say that using ^ computers in this way is abusing them, abusing 
them because you are not using their real • potential the thipgs that .they 
can really do , 

Why use a computer rather than using a pencil or paper? What are the com^ 
parative advantages of a computer over pencil and paper? They can all be' 
summed up by the statement that the computer can talk back and the paper 
can't talk back. Paper only talks when you, the user, write on the. paper , 

Now, that's a little bit exaggerated. You can cleverly fit a programmed 
text so ^ that the student gets sent to one page if he answers A and gets sent 
td another if he answers B, You can do a little bit of branching, it gets 
very cumbersome technologically after a while, and a computer can do that 
much better, 

Thl computer has a,- comparative advantage precisely in the domain of an- 
swer in5_ back, of ^ ..d^^ in response to the student, of being 
responsive to important aspects of the student's behavior. But that doesn't 
come^ for free. That requires sophisticated software. Computers only 
respcDnd in intelligent and interesting ways to students if they (the 
computers) have acquired some intelligence along the way, some artificial 
intei^ligence , / ■ / ■ - ■ ''' .; ' 

And ' hpnce the general slowness with v^ich we have been cible to create CAI.^ 
systems that go very, much beyond what could be done with the programmed 
text, \ The slowness of that development is simply a reflection of . the slow- 
ness of the development of artificial intelligence,, which again is something 
that people were talking about and doing a little bit about as long as 27 
years ago, but which has gotten up to a high pressure within the last five 
years or not much more , . . 

Sc poirit one about computer-aided instruction: the rate at which we are 
going to be able to introduce it is : paced by the level of our understanding 
of artificial intelligence, because the computers that do a good job at O^I 
are goinW to .be intelligent computers , Whether artificially or naturally, 
they arelgbing to have to be intelligent in one way or another. 

Second, vmere schcjmes of OVI have been introduced , there has been a fairly 
high rate\, I think, of attrition, (if my facts are wrong in any of these 
things, tl^ere are a lot of knowledgeable people at this conference who can 
correct, me, and so I will make outrageous statements tonight and tomorrow 



you can straighten me out.) But I think there has been a fairly high rate 
of attrition; that is ^ systems are built with a great deal of enthusiasm (I 
could even mention a couple of local examples in which I participated)/ but 
when you come back five years later you find that .teaching methods ar,e about 
what they were in 1970, They're no Jjpnger using, these new technologies. 

And when you ask v^y^. t^ere is usu/lly a good reason. The reason ifs that 
. many of the schemes we develop require an enormous amount of work for their 
maintenance, for their continual upkeep. For example, we had a number of 
teachers, here, who are enthusiastic about student-paced instruction. As 
.those of you v^p have experimented with it know that requires teachers to be 
able to . generate mlimited supplies of interesting problems, and providing 
niew ones. Faculties simply have neither the time nor, the motivation to con- 
'tinue to .develop these jprobiems. If they have to be developed by hand, 
after five years or thereabouts of enthusiasm, the student-paced instruction 
tends to fade from the scene again and you go back to traditional forms of 
instruction, ; 

Well, here is a place for possible application of the^^computer , we already 
have some examples of computer programs that generate problems so that the 
.instructor doesij't have to produce them one by one, . The schemes of this 
kind that I am familiar .with that actually have reached the stage of 
practice have mostly used' a number of problem templates, maybe a sizable 
number. What the computer dioes is to plug in parameters, to , inetantieite 
these problem templates and create specific problems. 

That's all right, except again it leaves you with a fairly stereotyped col- 
lection , of problem forms, and perhapsx less imaginative problems than the 
students should be exposed to over a long .period , Here again, if we, are to* 
do more automatic problem generation and do <it better;. the computer programs 
will need more intelligence, they will have to understand more about the 
task demands for which they are creating problems, . 

So we have to ask ourselves, if we "are going to do^more computer-aided in- 
struction, how are we going to meet the costs of main taiining- such systems or 
man them? How are we going to inake, those systems exportable? It's complete 
madness to suppose that materials for each course, computer-aided or other-. 
wise, should be developed at the point \^e re that course is given. 

With 'traditional methods of teaching, we solved that problem with something 
called the textbook. There are bad textbooks, but. there also are good text- 
books, and I don't know vitie the r bad textbooks drive out good: or good drive 
out bad , But the fact that textbooks are: published , that they are nation- 
ally and' internationally available, does raise substantially the level of 
teaching materials over v^at' would be available , if it. wiere a cottage indus- 
try, if everybody were writing- his own textbook in every single class that 
was offered , ■ • ' ' ' 

We, have got to develop the Icinds of ins titutions that allow the dissemina- 
tion .of computer software in the same way that textbooks are disseminated. 



And that's happening, as w Jaiow, from the software efforts of the personal 
computer companies in the last few years, especially. • 

It's happening, but it has a long way to go before we have a stable, under- 
standable system for the diffusion of advanced pedagogy in the form of cona- 
puter/ programs, so that the diffusion will amortize the investment in pro- 
ducin^g them and provide the incentives for producing them that is provided 
by /tfr^tbook royalties today. Only then will we begin to institutionalize 
this^ practice. 

j'\ • ■ ' • ■ • ■ ■ 

we ^/ are all aware, (and i am not going to solve the problem tonight) of the 
general difficulty of institutionalizing new practices in education. Almost 
tme last thing . that happened to the classrpOT' that changed it at all was the 
installation of blackboards towards the end of tlie last century. Perhaps I 
/^^should also mention the vuegraph, although my friends in the audience know 
that I regard that "device as a backward step, and you do not see one on the 
platform tonight. 

We have very definite problems, then, of advancing artificial intelligence 
to the point v^ere it can support sophisticated uses of computers in in- 
struction; second, of disseminating, materials and motivating the preparation, 
of those materials; efnd third, and more generally, institutionalizing any 
kind of change in our educational institutions . 

I am rather optimistic about the prospect of disseminating programs, provid- 
ing we can motivate their production. It is much easier to diffuse 
artifacts than to diffuse ideas. In the spread of Christianity over, a large 
part of the world, it proved easier to disseminate the qross than to produce 
human behavior compatible with the. church' s preachments. ^ 

In the case of computer programs, wis have something going for us, because 
the technology is encapsulated in boxes called computers and floppy disks 
that contain the software. Hence the technology is transmissible. And that 
hasn't been true of most of other kinds of educational innovations, -.since, 
as I say, the blackboard. j : 

Before I leave tJlis topic, I want to say just one. more word^ because I do 
not want to leave with you the impression that I think that the only kind of 
computer-aided instruction has been drill-and-practice programs. That would 

_:^be— unf air_to_the people_who_haye_teen„w^^ As a_m atter o f fact, 

I mentioned one 'counterexample, the management game, which is widely used in 
business schools in this country. ^ 

Another example is the artificial lailsoratory : that is to say, supplementing 
the physics or the chemistry or the psychological laboratory with data banks 
so developed and so organized that students can be ins tructed to design and 
carry out experiments using them. This technique is not limited to the 
natural sciences, by the way. We have had a very interesting exercise of 
that sort in history in our . undergraduate, college here. 

- An interesting thing about thes.e documents is that if you try to make a 
catalog of places where computers are now being .used imaginatively in 



education, >?here they are now being used in a- significant and important way, 
very few of these ' applications would have explicitly associated with them 
.the 3.abel "computer-aided instruction,"' 

The Computer already being used, particularly at the lanivers^ level/ in 
an enormous number of v^ys ii\ instruction, only a tiny, fraction of v^ich are 
called computer-aided instruction. If a psychologist develops a data bank 
of real or imaginary data for., say, * some memory experiments, and then gives 
his students assignments that require them to use the system to design and 
carry out experiments . and analyze data, he will think of that as part of his 
instruction in psychology arid he won't think that he is doing something 
mysterious called computer-aided instruction. 

At least he won' t think that in any , environment in ^ich computers are 
readily available, t^ere anybody can get their hands laid on them. Because' 
if computers are around in sufficient prof usion, sufficiently accessible, 
then imaginative' people are going to find all sorts of interesting ways to 
use them. And these are not necessarily going to be people ^o are fpcused 
on something specifically called computer-aided instruction. They mky be 
just p^^ychology teachers v^b want to improve their* courses or phyeics 
teachers who find that they can't do as much in the laboratory with their 
students as they want, or that for certain kinds of laboratory instruction a 
simulated experiment would be as usef uL as a real one , 

And so if we made an inquiry around a university like this one, we; would 
find computers being used in all sorts of ways in ins true tion not only in 
the engineering and science departments, but, as I indicated, in departments 
as widely improbable -at first blush as history. And we need to find, ways of 
encouraging that because, this is probably \Aere a large part of our develop- 
ment is going to take place * 

Let me leave, then the subj ect of computer-aided instruction, r am ' sure that 
is. going to be examined thoroughly and understood better over the next few 
days. Let me devote the rest of my remarks to two other topics :^ information 
overload, and the use of computers for educational research, y 

Is Information the Scarce Factor? 

"As~^ we'"approach~-^the problems of research"aas6ci'ated-~\A th-'computers ~in : educa- 
tion', we do need to stand bick in order to avoid the horseless carriage syn- 
drome. We need to stand back and try, in a variety of ways, to define v^at 
we think the basic problem is. That includes" characterizing not only compu- 
ters and education but also characterizing the society in v^ich: these compu- 
ters are being introduced , Here I would like to try to correct what I think 
is a fairly widespread misapprehension, probably not shared • by any in this 
room but certainly shared outside this room by lots of people. 

We hear a lot of talk about an age of information. We hear a lot of talk 
about the volumes of information we produce and consume in our Society, And 
certainly there is a lot of information, or at least a lot of symbols going 



around. (It depends a little on your definition of information as to how 
much you think information has increased.) 1 

To understand how we should go about dealing with a -wc^ld in which, there are 
tremendous amoiints of inf ormation, we have to take into ^account not only the 
prjcxJiicers of that information "but its consumers, that is, we human beings. 

Another way of characterizing our world, other than as a world in \*iich 
there is lots of information, is *in terms of th.e scarcity of attention that 
information has produced. If you have some information and some information 
processors, then the more information you produce, the scarcer the attention 
to that information, the scarcer the capabilities for processing -that infor- 
mation. - 

We approach research on computers in education in exactly the wrong, way if 
we think that the function of computers is somehow or other to proliferate 
further the information in society. We have to, think instead eibout the fact 
that people only ' live 24 hours a day and of that they usually waste eight 
hours in sleep, and some insist on eating emd so on. Hence, there are only 
about 16 useable hours a day , and you don • t increase that number of hours' by 
increasing the amo\mt of information that is around. So if computer 8 are to 
be helpful to us at all, it must be not in producing more information*-* we 
already have enough to occupy us from dawn to dusk~but to help us attend to 
the information that is the most useful and interesting or, by %Aiatever your 
criteria are, the most valuable inforioation. . 

Computers are only going to help do that if they are intelligent. I don't 
want a computer pushing the New York Times under my nose every morning.. (I 
have another lecture in which I explain why that's bad for your health.*^ If 
I' cmi going to have any transaction with the New York Times at all, i want 
the computer to screen the Times very carefully and pick out \ the few items 
that I should be attending to and, preferably, to attract and digest them 
and maybe even provide an interpretation of them if it is clever enough to 
do that— particularly if it knows about the subject of the item that I 
know.;"//-; r'- :■' ' - 

Computers are just going to add to the din already produced by rfidio, tele- 
vision, emd telephone unless* they have enough intelligence to do a large 
amount of processing of selection and of analysis of the information for 
-Jus. ..1 ■■- : : - ■ , , 

And that applies in the application of computers to education as well as to 
computers anywhere else." we have*" great technical capabilities for creating 
data banks. But, \^o needs data banks? I have the World Almanac , and that 
satisfies lots of my needs for data. 

Who needs a data bank unless there are sophisticated routes of* access to »it. 
We ,donVt have a very large library at Carnegie-Mellon University as miver- 
sity libraries go. We are mainly an engineering school and engineera don't 
read very much, it is said. But nevertheless, there are more books in that 
library^than I am ever going, to read in my life. Maybe the library doesn't 



have just the book I want to read, but I will never know that unless the 
library is sophisticated enough so that. I can find out effectively from it, 
(a) what I might be wanting to read, (b) whether it's there, (c) how to get 
it, and so on. . 

So the task before us is to find out how to make computers intelligent 
enough so that they will help us conserve scarce attention. That is the 
real .-Problem in our society today. I don = t mean, we don't have .problems of 
lack of information, but the kind of information we lack, like v^at is going 
to happen to the stock market tomorrow, is not^information that computers 
are going to provide for us • 

computers for Educational Research ^ 
■ . > • ■ • . ■ ■ ■ - ^ 

Now let me get back to the more specific topic of computers in education for 
my finsl remarks. If we are to avoid' the horseless carriage syndrome, we 
must be careful not to assume that the . only or even the principal 'signifi- 
cance of computers for education is in their direct use as an ins tructional 
.tool in anything that we would want to call computer-aided instruction. 

AS a matter"of fact, I have an alternative candidate, and I hope that our 
alternative candidate will receive a great deal of discussion at this con- 
ference. We have discovered in the last quarter century that computers can 
be used'to model human thinking processes. We have learned that, computers 
are a powerful tool for psychological ^theorizing/ that . computer ' programming 
languages, seem to be the right languages in which to express psychological 
theories, at 'least ; the^ories about cognition, theories about how people 
. think. • . 

Now, these are mildly debatable points, and we could debate about them a^ 
little hit. But let me just, assent for purposes of the argument that in- 
fact^we have now' this powerful engine . what does that have to do with edu- 
cation? It has a great deal to do with the fact that education today as we 
practice it is ^nearly theory-free, and we know from other realms of human 
endeavor, that we can'; usually make order-of-magnitude progress when we move 
from a state of complete pragmatism^ to a stage where our professional prac- 
tice really has an underpinning of; fundamental science. 

That change , took place in the engineering sciences beginning with Newton 
probably, bnt continuing .steadily with the growth of modern physical 
sciencev -rlt - took place-: 



time, the practice of medicine was associated vath and strongly influenced., 
by an increasingly deep understanding of how the human organism works. 

Time after time., when we begin to understand how a mechanism works, then we 
can improve by very large measure our ability to deal with the problems that 
arisia when the mechanism doesn • t work just right. - ^ ^ 

What did I mean v?hen I said that out practice of is almost 

pragmatic? Well, we have a few empirically based principles. We know /that 
people seldom learn things unless /they get feedback from their performance. 
That's called knowledge of result4 or reinforcement. 



We have, a second principle , Which I am illustrating now . not by the content 
of my talk but* by the fact that I am giving it. The second principle is 
that if you -assemble people in a room and spray words at them, some of the 
words will be contagious and cause fever or other symptoms in the listeners, 
and some leetming may take place, Therie^is a process whereby words* produced 
by some people produce changes in the mental states of other people, 

we know how treacherous a process it is, i don/ t kiiow. whether you have ever 
had the expeirience, those of you who are teachers, of reading the notes that 
your students . take in class, if * you allow them to take, notes. It is a 
searing experience. But we do know that if you allow the process to go on 
for 20 or 30 years, some changes are induced in the people at whom the words 
are directed. Now, iVthink one could allege, without too much exaggeration 
that these are the kinds of principles on which education is based today. 
The fact that people do' get educated shows that the principles work, but 
certainly doesn't show that they work with any efficiency, as evidenced by 
the fadt that now we are devoting a third or a half of the lives of most 
Americans and . people in other ' advanced countries to the educational 
process, .. , ■ 

TO be honest with, ourselves, we don' t do that just because those years are 
required to build the necessary skills. There is also the babysitting func- 
tion for the lower years of schooling. There is also the consumption aspect 
of life in college, which some students at least, find enjoyable, so much so 
that they delay getting their degrees and can' t be kicked out, « 

But nevertheless, we certainly are faced here with a process that is exceed- 
ingly inefficient, and inefficient primarily because we don't understand the 
learning process, although all the signs are that we are. very rapidly 
acquiring a viable theory of it. The computer has already played a very 
large role in. that acquisition by allowing us to model human thinking, human 
proTolem-solving performance, human learning, human concept for^ 

so I would hope that, our ^attention here, when we talk about a subject as 
broad as research on computers . in education, will not by any means be 
limited to the . things we could call ^ computer-aided instruction but would 
focus very much on the roles that . computers can play as reisearch instruments 
in gaining this deeper xHiderstanding of humian thought 

Since there are a number of people invplved in the conference ^o have been 
engaged' in" t±ia^^^^^ very ef fort^ and I: can'^ that they are going^^^ t^ 

main silent over the next couple of days, I do have sbmti assurance that this 
is going to be taken care of, . - 

Compu te r L i t e r ac y 

In asking why we should be interested in. computers in education, v« have a 
particular challenge that people are now aware of and are talking about a 
good deal in our society and in other industrialized societies. And that is 
we have a concern for something that might be called "computer literacy," " 
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Now, that is an anibiguous phrase, "computer Uteracy." Everybody is tcllking 
about it, everybody wants it. But I should point out to you that it is 
really not a new problem, because the problem of computer literacy is really 
a ipart of a broader problem that has been with us for quite a long time 
certainly through aost of this century~the problem, of c^uantitative Uteracy 
for the population of a technical world. 

I go back to the thesis of CP. snow, the English scientist and writer who 
talked about "The Two Culture8"-^he culture of humanism and the culture of 
science and of their difficulties of mutual communication. My concern about 
.this, and the concern of a lot of other people, is that if you have a socie- 
ty that is highly technical, then people who feel that they are fenced 6ut 
froa the technical part of society will fejl that they are also fenced out 
from most of the important decisions that are, being made in ifhe society. 
And they are going to end up in the paychological state we call 
"alienation." - _^ 

There are plenty of evidences already in our society of the mistrust of 
technology (not that there aren't some things about technology that need to 
be mistrusted, or at least looked at very hard) based on exclusion, or 
feelings of exclusion, from the vital decisions of the society. 

So we have a problem of quantitative literacy, and one part of that is the 
problem of computer literacy; Computer literacy may even be^ part of the 
solution of the problem of quantitative literacy. The conputer may give us 
a means for opening the world of technology to large numbers of people who 
for good reasons or bad, would hot have it opened to them by the calculus or 
by other classical mathematics. 

I don't think we know yet whether tTiat is the case or not," but there is at 
least the possibility that the computer Is part of the solution of our prob- 
lem. And if it were— now I am being a little bit optimistic— it would be a 
solution at a very tolereUble cost, 

I have made a few back-of-the-envelope calculations ot what it would- cost to 
give all the kids .in our: schools at all levels .quite good access to compu- 
ters^ today. Jt would probably not require more than an initial capital ex- 
penditure of the order of magnitude of $10 billion, ; or five battleships out 
of mothballs^ or about one-tenth of the annual expenditure for education in 
this country. But this is a one- time rather than an annual expendi ture . so 
it is quite a bearable cost of our society to give all kids good access to 
■computersv;-;'"; ■ ...... ^ 

Again, we have to worry about the institutional aspects of iiiat. we all 
know horror stories about computers that have been locked in closets, not 
because they behave badly but because it wa.s^eared that children might be- 
have badly with them. And we have to find some way not only of getting the 
computers into the schools but leaving them in unlocked roans. 

It was the experience of the universi ties a couple of decades ago ( tlie ones 
who went early into the computer business) that if the computers are in un-' 
locked rooms, the students will get at them and the computers will teach the 
students **iat computers are all about, or at leas t they will teach a lot of 



the students rand :t±iey will teach the others. And after a while, the faculty 

wii: get: eintaarrnBsd: that they don't know, and they will get into the act 

ton. ■ 

K firs±: ;:ic!mTn-r='r Jon this campus was in the basement of this building (the 
raauate 3c±Eyoi rdt Industrial Administration). It was in an unlocked room, 
and that id happen. That is the way that computers were introduced in this 
institution and in many others at the collegiate level. Although it is a 
slightly more difficult task, a lot of that could happen in secondary and 
primary .schools and even is happening right now. 

As you know, gpvernments are blunt instruments; they are not instruments for 
fine-tuning anything, as we discover when we try to use them to run the 
.economy. They are blunt instruments, and the main thing .they can do is 
spend money. Here is a way in which you could spend $1 0 billion with a very 
good chance tihat you would make a major impact on computer literacy in this 
country, . 

NOW, that is very much like the spraying theory. It is a remedy that is not 
based on any deep understanding of ^fihat computer literacy , is or how people 
acquire, it;, I only propose it because all of us have a feeling of the \ir- 
gency of doing something in the present situation. 

But, of course, in the longer run, we must ask what computer literacy is', 
what the capabilities are of people in a democracy to understand enough 
about technical matters, or about ways of reasoning on technical matters, so 
that they can participate, in the basic political decisions of the society. 
The only way we are going to find that out, ag^in, " is by fundamental ire- 
search on human thought processes. 

For example, on the basis of the interesting and important research that has 
been done on, separation of the cerebral hemispheres— Roger Sperry's research 
and the research that has followed on it — there is a lot of romancing cibout 
the two hemi^^pheres. According to this interpretation of the hemispheric 
research, there are the analytical grubby thinkers who think over on the 
left side and there are the creativie, global, holistic thinkers who think 
over on the' right side, ^ 

Well, fortunately, that is nonsense. None of the' evidence we have about the 
two hemispheres supports any -such model of the thought processes there. But 
the fact that such ideas can even be entertained is an indication of how 
much we still have to learn about human thought processes in order to under- 
stand what kinds of thinking people are capable of , whether different people 
are capable of . different kinds of thinking , and what we do about that in 
education for literacy, v^ether it be^computer literacy or some other. 

If I had to pick a single target for research in cognition, it would be the 
target of finding out enough about human learning and thinking processes, so 
that we could even define, and then begin to approach and solve, the problem 
of quantitative literacy or technological literacy or computer literacy or 
whatever; you want to call it. Because I think literacy is terribly impor- 

^tant: for the long-term survival of any society having the kinds of demo- 

- cratic institutions we all want to see preserved. 
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, ' • ABSTRACT .' 

This paper explores trends in computer technologies and their implications 
for 'learning and education in the future. Learning technologies of the fu- 
ture %d.ll be multi-faceted: • In addition to conventional drill and practice 
learning exercises, computer technology vi 11 permit us to explore techniques 
such as episodic learning, learning from exeunples arid simulation, and learn- 
ing from games. It appeara likely, projecting trends in hardware and soft- 
ware technologies > that computational power equivalent to today' s super- 
computers will be available in *-a microprocessor system for under $100 by 
1990# This paper examines the reasons for such optimism and some necessary 
conditions for such a system to be rea;lized. Finally, the paper presents ai 
research^ agenda for a few unsolved problems in learning which may become 
feasible with the availability of such a low cost supercomputer. 
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1 • Introduction • ^ 

over the past 20 years, 'I h.ave observed with interest^^:^^^^^^ the 
pioneers ^ who' have attempted to use. computers.. In the classroom. 
Technologies that are available now or are likely ^ be available over the 
next 'three to five years promise the potential for new, 'exciting methods for 
teaching and learning. My task is to explore the, range of sophisticated 
applications in education that may become possible with J:he availability . of 
a microcomputer 'system more powerful than today.' s, /supercomputers . and to 
present the technological advances t:hat are essential before such 
applications are feasible. 

2. Role of Education in a Changing Society 

It is known that with rapid changes in technology most of the tools and: 
techniques we learn in school (and college) will, be obsolete well before we^ 
are ready to retire. Much of what is not obsolete will be -either irrelevant 
or cumbersome for solving problems that arise in day-^ to-day ?work-life-^ 
onlyv useful part of the education will have .been the acquired ability of 
•Teaming- to- learn". The^ first problem for* education, then is . obsolescence. 
The key .question for future technologies of education is: What is the most 
appropriate system of education and; how can one rapidly obtairv and master 
the new^ knowledge necessary to perform anMihf amiliar task? 

The second problem for education is "information overload". There"^ are over 
100 million volumes in the Library of Congress, and they contain nearly 100 
trillion bytes of text. The. roughly 500 daily "newspapers in the United 
States create over -a trillion bytes of text .every day (table 2.1, below). 
Professor Oskar Morgenstern once said, "If the , publications on physics 
increase the next hundred, and fifty 'years . at the same ' rate as they have 
increased over the last hundred and fifty years, the weight of the- paper 
then in existence will be about the height of the. earth." This, in essence, 
is the paradox of information . overload. 

one consequence of the information overload , is the length of time it takes 
to master a subject. /To be effective, . wo hav,e to master 3 to 5 . orders of 
magnitude more- information than .ou^.. ancestors" in the 1 9th century . Even in 
a subdiscipline/such as >solid state physics", it is no, longer possible to 
master all aspects in one lifetime; , if we were to, attempt to master all the 
books that are in 'the Library of Congress , we would 7 have to be sitting 
around, not- walking around, with brains" weighing about 2 ^tons. Given our 
inability to master .all the knowledge', most of us have had to seek other ; 
solutions*. The result has been increasi^ig specialization into narrower and 
narrower subfields. And. yet we know that breakthroughs are often a result 
of the synergistic utilization of interdisciplinary knowledge. ' ' ' 



LIBRARY OF CONGRESS / DAILY NEWSPAPERS 

62 CHAR/LIN 35 CHAR LINE 

4b LINE/PAGE ^ . 100 LINES/COL 

600 PAGES/BOOK * o .6 COL/PAGE 

107 BITS/BOOK 50 PAGES/DAILY 

16x10^ BOOKS ^ " ; . ,500 DAILIES/DAY 

10^4 BITS o ;365 DAYS/YR 

---- - — — -i"!—..-^-. •' ^ '10*7 BITS/DAILY 

2X10^2 BITS/YR 

Table 2-1: Information Overload 
3, : Learning Strategies 

The rapid advances in Information Technology provide ' us with other options 
to obsolescence and information overload, we must^ find more "pro<luctive" 
means of effect^^ transfer of knowledge to overcome informa- 

nt ion by i^r^l^ printed book ; ;( or even the electronic equivalent of it) 

4is no<; longer; adequate fcr^^^^^ta To be sure, an electronic 

^booKperm still 
; depends on^^^^^^a use the knowledge that is in 

the -book In -one /lifetime we can only master a fraction of what is known or 
needed. New. -forms of such as learning, of skills from 

' examples, and ^ o science through entertainment, le^arn- 

ing V of ; arts . t practice , and learning on demand , provide challeriging 

opportunities for?} new learning, ^ In the following section, we 

^ shall i ^xamine v the V techno for some of these torms of 

knowlfed^e transfer , • 

' 3,1 , Learning from Examples : p. 

A great -deal, of knowledge transfer in human species happens through example, 
obsierv^tion, -and practice, ^^^\^ V^ to a place for 'the first 'time, we 

do not read; cibout :ever^^^ use that know- 

ledge: , v: To "the- contraryvi;^^ 1^ by observing signs along the 

way. Interpersonal relations and other fqrms; of behavior learning' are other 
examples where we acquire a great deal of knowledge through^ observation , 
Most of the vocational" skillsl such . as; carpentry, ^ 

.5?^ learned by example through apprenticeship mechanisms. In ^most of these 
cases, knowledge trarisfer occurs not through : the conventional sjonboliq^^^^^^^^^ 
bal) communication process but through examp>le and observation , At pr-i^seht, 
learning from example tends to be a very Inefficient mechanism, because 
requires direct one-^on-pne hima afnd 

iexpensive ,^ ;This in- turn restricts the eivailability of such kiiowledge tb the 
chosen few Who have been initiated into the prof ession , •-comiputer , ;Communi- 
, cation, ; and videodisc techh^ , for the first time , ; provide the promise 

of breaking thi s log-jam of knowledge trans f er for ; learning. . tasks ^lich 
cpuM-^nly-ben^f fiecte^ v - 

■■'.3;,2. Wliearning'-' fro VV^ . 

brie 5' of ; the biggest barriers to- learning is motivatiohi Going -to scriool^'^ 
education, and learning da y-in and , day-out for almost 20 years of one's ilife 
is the biggest bore ,> W^ mos t ^ of v^at one is nade\ to 

learn is. either irrelevant !or likely to- become obsolete, the apathy in- 
creases even further. 



The worldwide success of tW^roductions of Children's Television Workshop 
and ^its role as a creator-^of learning tools does . not require further elab- 
oration. The main lesson . for .us is that learning can be fun; it can 
attract children; it can captivate them; and, most interesting of all, the 
material learned through this mechanism can be lon^ lasting. The only 
limitation is that TV does not require the interaction of -the learner. 

The more recent video game boom has the potential of becoming an interactive 
learning aid. While we do not have many controlled studies, of the role of 
games as a learning aid, there is widespread acceptance ' of their impact. 
Lesgold [1982] has a more detariled review of instructional games. 

3*3. Learijiing on Demand ^ . i ^ 

We have already identified technolcgy-indyced obsolescence of knowledge as 
one of the challenges facing future educators . One possible solution to 
this problem' is _ to view education Aijstr^^^ pr ocess w here 

one learns the material as one needs it. ■ 

. ■■ . . ■ ■. . ' : ■. .- ' ... ■■ ... ■ ■• ■ ■ • .. I ' " 

Unfortunately, ''such .learning-on-demand solutions are neither practical nor 
economical. It is a lot cheaper (and easier) to teach the principles of bio- 
logy to a class of 30 at some predefined time than to wait for each one to 
discover that biology is important to some problem they are about to solve 
and then^engage in an educational exercise at that instant. However, the 
low retention factor of the material/ learned in school indicates that the 
current education process principally achieves a "knowing \^ere and \^at to 
look for" .type of learning. Perhaps if this is set as the explicit 
objective of early education, then new and creative strategies can be devi- 
sed to teach children how to "learn- to-learn" and how to locate and utilize 
information resources. 

What then is the role of "learning-on-demand"? Independent of what happens 
in early education, we all find ourselves in situations v^ere we need to 
learn new skills, acquire new knowledge, and update our existing knowledge 
base. There are a number of mechanisms, such aa professional seminars, tu- 
torials, -adult^ education classes, ' etc. , most of which use the classroom* 
model for training;; innovations, such as self-paced learning, have 

not achieved widespread acceptance due to a lack of teaching materials, in- 
appropriate technology, and the high cost of providing an instructor- to an- 
swer questions around the clock. However, many of the recent advances in 
computer-based , education research (Lesgold, Larkin) may make it possible to 
provide high quality, individualized, self-paced learning systems. 

4. Hardware Technologies 

Given '■these potential learning strate what computer technologies wiLl 

permit' us* to achieve our educational .xs, in terms of computational power 
and economic feasibility?^ If we consider the power of presently available, 
perspnal computers that cost approximately 100 dollars, we-can estimate. the 
computational power we might be able to get for under- 1 00 dollars in the 
nekt decade. If I were to say we c!Ould have a super computer somewhat like 
the Cray- 1 for under 1 00 dollars, you might think that it is too farfetched; 
1 thought so too, when I was trying to make such an estimate. But I have 
extrapolated the technologies and it indeed appears possible to have that 



kind- of affordable computational power in the very near future. Our 
difficulty in xinderstanding such, affordable power is the result of the wrong 
coaception of . what a computer is. If we think of a computer as all the 
peripherals, discs, and other components, 'then the costs increase 
proportionately. However, if we think of a computer as a computational 
engine that has a memory, a proqessor, and input/output capabilities, we can 
further isolate the cost of the sheer computational power, if we then ask 
what kind of technologies are necessary to build such an electronic box for 
under 100 dollars, an estimate by cost in terms of volume of _ electronics is 
as good as any. It has been observed in the past 'that a cubic foot of 
electronics costs about 10,000 dollars. Using this as a rough metric, one 
can assume that any electronic "configuration ^hat will fit in roughly 10 
cubic inches can be; purchased for about 1 OG' dollars. But whac can be packed 
into 10 cubic inches within the next 10 years? Given the curreut. level of 
computer sophistication, I anticipate that we will have an affordable Cray" 
within the next decade: a 100 MIPS (million instructions per second) 
.Processor; a jmillion characters of random access memory; and four/ million 
characters of program (read /only) memoiry, 

4.1, Memory Technologies ' 

•Since 1970, memory densities have quadrupled about every four years. In 
1970; we had a 1K(1000 bit) memory chip; in 1974, we had 4K, That trend of 
development has cbntinuedl such that today we have 64K memories available on 
a routine basis, . Assuming that trend will continue, we will have 1M (mega- 
byte) of affordable memory by 1 990_(Taye^4^^ below), A megabyte of random 
access memory requires 8 chips that are approximately 1 centimeter square 
each; they are very thin if they have flat pin packing. Since read only 
memories have roughly 4 times the densities of random access memories, we' 
can have 4 megabytes of program memory, which can hold operating systems, 
compilers, editors, documentation, help facilities , etc ,, in another 8 
chips, 

' YKAR . SILICON BUBBLE . 

- 1970 - IK 

1974 4K — 

1978 16K 256KB 

1982 64K ° , 1MB 

1986 256K(?) 4MB(?) 

1990 1M{?) 16MB(?) 

Table 4-1; Memory Technology (Idealized) • 

4.2, Microprocessor Technologies 

Processor technologies have developed '^at a rata comparable to memory techno- 
logies. In 1970, we had a ^^4 bit processor; by 1 975, weVhad increased to 8 
bits; and by 1980, we had 16 bit processors'. If the trend continues at that 
pace, we will have 32 bit processors by 1985, and 64 bit processors by 1990 



(Table 4i2^ below), Ihe computational power of these processors, if 
measured iln millions of instructions per second (MIPS), has also grown by a 
factor ofllO each five years since 1970. The 4 bit computer of 1970 was 
what .we called a 10 KIPS machine (10 thousand instructions per second), 
which was the equivalent of an IBM 1620 that cost 100,000 dollars in 1960. 



Each five years, the power has increased by a factor of ten, ^ such that by 
1 980 we had] a 1 MIPS machine . Extrapolating that same trend, we could have 
a 100 MIPS computer by 1990. In November, 1982, Hewlett Packard announced a 
personal computer using half a million transistors which is a '20 megahertz, 
32 bit processor with a "50 nanosecond clock time. Scientists at other com- 
panies are working on picosecond gate-delay technologies.^ It is entirely 
possible witlii 200 MHz clock times will be "available on a priority basis 
within the rtext 4 to 5 years. These processors, liowever, will be expen- 
sive. ^ \ ^ 



Nevertheless,! I claim it ought to be possible^for us to have a 100 MIPS pro- 
cessor, a medabyte of memory, and four megabytes of read only memory, plus 
all the requilred circuitry, at an affordable price by 1990, That kind of 
processor will' require roughly 20 to 25 chips, which will most certainly fit 
into a piackage of 10 cubic inches. The question for us as educators is, 
then:' Vfhat kinds of experiments can we create to use that much processor 
capability, tnjat much raw computational power? I think the answers to that 
question contain exciting concepts that we should speculate about and plan 
for now # rather than waiting for the technologies to arrive and r then asking 
ourselves what; to do with the power. 



YEAR • 


DATA PATHS / 


POWER 


# OP TRANSISTORS 


1970 1 


4 BIT 


10 KIPS 


500 


1975 i 


1 8 BIT 


100 KIPS 


5,000 


1980 


16 BIT 


1 MIPS 


50,000 


1985 


1 32 BIT : ■ "* 


10 MIPS 


500,000 (?) 


1990 


64 BIT 


•100 MIPS 


^. 000, 000 (?) 


Taa 


l|le ~4-2-: Microprocessor Technology (Idealized) 


Output Techhblogies 







Currently, there are a number of output technologies on the horizon. MCiiV' 
of us are familiar with graphics and color; there are about a half dozen 
color and graphic |technologies available now> many of vrtiich are both inexpen- 
sive and exciting. \ Many of the small piersonal computers already come with an 
image buffer. ;^ Some come with microcassettes, small dot-matrix printers, four 
line LCD displays, land regular keyboard devices. Such systems are available 
for approximately I7OO to 10.00 dollars. On a priority basis, 8 \line, 80 
character LCD di3piays are already available within certain companies. 

Video disc technology is already being used in a number of laboratories. 
Though the creation! of software for video discs is time consuming, they pro- 
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. vida the capability for a large rttunber of discs with the same software, or 
course material/ that can be distributed throughout the country at very low 
cost. Each disc costs approximately 15 dollars, and can contain roughly. 15 
to 54 thousand images. Further, you can access the discs randomly. 

There is a new technology called compact audio disc technology, v^ich is 
just being introduced in Japan and Europe; it is not yet here in this 
country. With this technology, a small disc, smaller than a flpppy, can 
store roughly a billion bits of read only memory. 

There is also HDTV (high definition TV) technology, a 1000 by 1200 line 
color display that is already being developed, at least the standards are 
being worked on. It is estimated by 1990 there will be such a commercial TV 
receiver, probably all digital internally, ■ ' \ 

' - . ■ ' ■ • ' . t' 

Speech output technologies, are already here for^ simple tasks. We have a 
single board computer into which you can type any English sentence and it 
will produce an equivalent speech sentence of acceptable quality, .This is 

now a commercial product, 

-' * , ■.. • ■ ' ■ ** 

4.4, Input Technologies St) 

As for input technologies, again the question arises: What can we afford 
for under 100 dollars? ; Today , we already have fairly elaborate input de- 
vices that are very affordable. For example,. Casio markets a low cost equi- 
valent of kn electronic organ; the device has approximately 80% of the func- 
tionality of an electric drgan that would have cost 1000 dollars a few years 
ago. The device is available for around 50. dollars. It hac about 50 keys 
that can provide many functions. Further, it contains a clock with an 
alarm, a calculator, an LCD ^display, and a speakerr . That is the kind of 
media-rich input capability that we can anticipate within the next decade; 
And given its lOT./ cost today, how much will it cost in the future? If we 
consider the cost decreases for other prodiicts, such as calculators and 
digital watches, it seems safe to say such a device will become even more 
inexpensive over time, 

■ ^ ■ . /. .■ . ■■■■ ■ . , ■. ' . ■ ■ . . . • ■ ^ ■ *\ . ■ V- . • "" . • 

Therefore, it is not \mreasonable to assume the t we will have 100 MIPS of 
computational power 'and fairly sophisticated input/output devices for under 
100 dollars by 1990, There are, howaver, many issues involved. It is hard 
to say \4iat . the real cost will be; technological projections are always 
difficult, to make. Whereas we thought earlier that ive would have larger 
processors, we have, in fact, achie^/ed more integration and functionality, 
sucl> as integrated processor, memory, and I/O electronics, on a single chip. 
So, there may be different airchitectures in' the future that will provide 
greater functionality without increasing processor power, 

5. Sbftsfare Technology 

— — - c 

I am going' to bypass programming languages in this paper because Alan 
Lesgqld covers the issues very well in his paper [1982]. There isone issue 
I would like to raise, however. We seem to be suffering ■ from; the illusion 
that programming. computers is important and that all students must therefore 



have -programming literacy, I want to differ with this view, however,' 
because over 99% of the . routine, common uses of computers do not require 
programming knowledge any more than driving a car requires mechanical 
knowledge of t^e workings, of the automobile • Most people will use computers 
to assist th«m in ways that will not require programming knowledge. 
Therefore, we need to spend more time thinking about the types of assistance 
we will want . from computers, v^at we want, them . to do, not how to program 
them. I am.not saying that no one should think about programming; I am 
•saying that the questions about programming are by no means the right or the 
only questions to ask when considering the future of computing in 
education, ' / 

5.1 • Operating Systems 

When we consider large operating systems, which may network together an en- 
tire nation, we must consider the purposes . people Will use such systems for, 
Or^e thing we will mor.t certainly need is distributed operating systems • In 
particular, we will need mechanisms for remote procedure .calls that will 
allow us to share programs, perhaps, bn^ a nationwide basis, '" For example, 
suppose I do ..not have a particular program that ! need, but Herbert Simon 
has the program. Will I be able to call that progrsuri and run it on my data? 
Further, there are issues of inter-process communication: iSome problems are 
too complex for one person to solve. But, if there are ten people who can 
work together to solve a large problem, how can they pool their creative 
talents? Thus, mechanisms for interprocess . communication are essential for 
larger shared systems such as educational systems, * 

Then there are issues of transparent distributed file systems: How do we 
make ovir interesting and valuable data accessible to others vrtio might bene- 
fit from it? If we have to know exactly v^ere particular sets of data are 
located in terms of accounts, file neunes, etc. , then they are not -very ac- 
cessible; in fact, the. data is completely useless to" people vrtio do not know 
methods for accessing such valuable information within the near future, 
■■ ■ ■ ■ " ■ ■ ' ■ ■ • ' * ' ■ " ■ . ■ ■ . ■ • - 

5\2. Data Bases V 

Perhaps the most important issue is that of data bases. The question is 
what kind of data bases do we create? In general , /there are a number of 
problems we do not ye t know how to deal with. Given the information over- 
load, how do we structure data bases : such that retrieval will be accurate 
and efficient. An example of the problem is illustrated by the fact that 
the manual fdr the Timex Sinclair 1000 weighs more than the computer itself , 
The manual contains 1 6 times the information that the computer is capable of 
holdiig in its random access memor-^>V There is absoluti^ly no reason why 
computers^ cannot be self-describing* can put the same number ^ >jbw|i^4|y.- 

ters that^the manual contains in ■ f^%jL| liumber^^ read-only cb|^^' pl^^ikps 
two or three; then, :d.th a small amount of software, you could 'acce1§ it. 
The cost should be about the same as, the :^pst of printing and distributing 
the manual. Further, you wouldn' t ;need to carry around a manual. So, one 
of the rules for people \iho design user interfaces is that the user should 
not have to spend very much time learning ' to uiie a new design. There are 



many issues concerning knowledge banks. We need new techniques for rapid 
indexing, intelligent indexing, and other tools, that are useful but not 
currently available on any broad scale, 

5.3. User Interfaces ■ . 

Most present user interfaces in systems are very primitive. We need 
forgiving interfaces that will accept mundane errors on our part without 
responding with an error message that forces us to correct syntax or 
spelling, errors. We must also develop media-rich interfaces, computers you 
can speak to and hear , touch sensitive pointing devices, etc. There is no 
reason that future computers cannot be medi^ intensive. You should never 
have to use a keyboard to communicate with the computer; in fact, in the 
U ser Graceful. Interaction Project we forbid the programmers to use their 
keyboards. If they have to rely on the keyboard then there is something 
wrong with their interface design. We need to design interfaces so they can 
be personalized to our individual needs to respond to a user ac(;ording to 
that user* s needs, rather 'than pro viding^ a generic respcasi::. They ^.opuld 
not explain answers to problems in the same detailed way, as -the manual; they 
should provide a -context specif ic answer that is immediately usable* 

6, Research Agenda / ^ 

Given these advances in technolbgy , how can we use them to enhance the pro* 
cess of education? What are' the kinds of uses that might be usei;ul and sti- 
mulating? So far computers have been used to assist in reading, writing, 
and some science courses. There are many other areas that might also bene- 
fit through effective use of this 'technology. How can v« use computers to 
help studients learn art, drama, music, or foreign languages? What does it 
mean to learn history or geography? Learning geography by reading prose is 
not very meaningful, A true geography lesfjon shou^-d allow a student to see, 
smell, and feel the terrain. Similarly,, a history ler.son should be more 
than the memorizing of facts, names, and dates. Rather, a student should be 
able to participate in historical events, or at least observe them, and feel 
them, more realistically through simulation. It is more important for stu- 
dents to gain a sense of v^at happened than it is for them to* memorize facts 
and numbers. Knowledge gained through observation 'of participation through 
seeing and doing appears to fee more long lasting. Such student participa- 
tion requires artificial labs to simulate the events. Technologies are al- 
ready available to provide us. with many of the tools to achieve such new 
forms of learning. However, there are several large research projects we 
may have to undertake before such ideas become practical and economical: 
the creation of a World Knowledge Bank, and the development of Knowledge 
Based Simulations, 

6,1, The World Knowledge Bank . • 

Even though we can rapidly access mlich of the knowledge in a book if it is 
in an electronic form, all books are not available in that form today. 
Though there are great libraries, such as the Library of x:ongress, few of 
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us have regular access to them. • The privileged few who can frequent such 
libraries . can only read a minute percentage of the books in a lifetime. We 
need to develop technologies that will allow us to convert books to an 
electronic form so that more people cah -access the knowledge. we need to 
develop technologies for scanning, character recognition,/ and language 
translations. Though these technologies are not highly developed today, 
they can be realized in the near future if given the right impetus. 

We need to create a knowledge bank that contains the procedural knowledge 
of skills and vocations. Such a bank should provide us with the informa- 
tion necessary to build a bridge, run a dairy farm, lay bricks, repair a TV 
set, or any of the other skills we might need at any given moment. The in- 
formation should be useful, accurate, and easy to access . "■ 

We should be able to acquire the knowledge from ancient manuscripts. There 
-IS a wealth of untapped knowliidge in thesq manuscripts that could provide 
us with abundant insights. Perhaps we could learn from them history as it 
actually happened . 

We need technologies for indexing into very large data bases, and we need 
technologies for very large archival memories. Though such technologies 
are not realized as of yet, they will eventually arrive. Exactly when they 
will arrive is not clear; but it is very clear that when they do arrive the 
Library of Congress will fit into a very small space, because these will be 
molecular level memories where features are measured in Angstroms. 

6.2. Knowledge Based Simulations 

In general, we need to be able to create simuJ.=itions for training and edu- 
cation. In the Robotics Institute of Carnegie-Mellon University, we are in- 
volved in a project to simulate the workings of a factory. One company dis- 
covered that it was wasting three million dollars par year to train twenty 
five new employees. Since the company was training tha new employees on the 
actual manufacturing lines, each mistake by a trainee wasted valuable raw 
materials. Through simulation, new employees can; be trained .to operate 
these manufacturing processes without the risks of loss.' Once these em- 
ployees have completed their simulated; training, they can enter onto the 
factory floor with a higher level of compe.tence . It is estimated that they 
will then make, only .ten percent of ' the mistakes they would have made 
originally. This type of; simulated training has been used for many years to 
train pilots, who cannot afford, to learn through mistakes while flying. 
Once available on^ a wider basis, simulation systems will be a major boon to 
education; virtually everything we need to teach can be simulated. Particu- 
larly complex processes that could benefit greatly from simulations include 
design, planning, and logistic, support. 

Allan Kay of Atari is interested in the concept of an active encyclopedia. 
He wants to create an entire set of encyclopedias in electronic form. When 
you access the information from this conceptualized system, you would not 
get prose; you see a simulated story. 



7. Conclusion 



If .the human/being is superior to other ' species, it is not because of the 
genetic niaterial we inherit, not because of the capacity of the human brain, 
but because!^ of our ability to create artifacts which can acquire^ store, 
transmit,ycind (more recently) manipulate knowledge.. In order to quantify 
and subs,tantiate -this observation, I would like to explain vAiat 'happened 
during evolution using computer terminology. 

Let u3^ompare the genetically inherited information of bacteria and express 
it in terms of information storage; The .genome of bacteria would require 

^ abou't -10 million bits of memory and that of a man would, require about 12 
bil4ion bits of memory. Expressed another way, the information in the . 
genome of; a bacterium would fill one 500 page book while that 'of the human 
would require eUbout ^1200 * books—not an enormous amount considering how 
complex WB think we are compared with bacteria which have nd sensors , no 

/brain, ard' no ability to communicate except genetically. 

The hiiman brain is estimated to be capable of storing roughly 3x1 0'^^ bits 
of information. That means, even if we can utilize one hundred percent of 
this capacity, it will hold less than 10%. of the information in the Library 
of Congress. A more serious problem is. that the . information contained, ..in 
the brain can only^ be transmitted through personal contact or instruction. 
Thus aquatic mammals, such as the porpoises and vAiales whose brains are 
fully as' sophisticated and about ten times larger than ours, are locked in 
an unfortunate situation: They can' t escape from the present to use their 
past and, therefore, are forever restricted to information transfer they can 
achieve through direct contact in one lifetime — not unlike the Aryans 
communicating Veda s by Vecital from generation to generation in 3000 B.C. 

The human was the first (and so far the only) species to break the barrier 
to., communication and transfer^ of knowledge through the invention of a . 
multitude of artifacts which might otherwise have required genetic solutions 
for survival. For example. 

If he wanted to keep himself rarm, he did not have to change 
his genes to grow a f ur coat> .he made a fur coat; he built 
shelters; he learned how to use fire. If he wanted to fly r 
he didn't wait to grow wings to fly; he invented a machine 
that flew .in the air. If he wanted to go into t^he^^ v^^ - 
didn't wait to grow gills or a new breathing apparatus; he 
simply invented a ship, if he, wanted to become resistant to, 
disease, he did not have to change his genes; he crea^ 
cines and wiped out polio and smallpox (Spiegelman, 1979) • 

The computer is perhaps the ultimate artifact created by man. In addition 
to providing access, to world knowledge instantaneously , as ^a symbol processor 
it prov'ides us with the potential to convert passive knowledge in books into 
an actiye form. Thus it will,, some day, be no longer necessary to spend days 
assimilating information that we' will be able to access from the World 
Knowledge Bank in microseconds. In short , each persoli could have art 
intelligent assistant, advisor, and consultant, which will surely change the 
entire role of education! - ^' 
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This chapter is partly a general summary of emerging instructional paradigms 
and partly some personal viewpoints on v^ere to start in exploiting the com- 
puter revolution for education. My primary bias is to concentrate on forms 
of instruction \that are possible only vdth computers and then to ask v^at is 
needed for educators to begin designing and using those forms. Thus/ this 
paper begins vdth a discussion of \ihat it is that excites me about having 
•substantial computer power in the classroan. The next section sketches new 
i'ssues of instructional psychology that should be attended to in the design 
of computer-based! instruction. After that, there follows a brief discussion 
of issues of motivation that are relevant to computer-based education. This 
is followed by the main body of the paper, in which recent computer-based 
instruction paradigms are discussed . The concluding section deals with is- 
sues that arise with any nev/ medium of expression: Understanding its basic 
capabilities, developing Cvirtis tic standards for the medium, and developing a 
sense of v^at well-crafted products within, the medium should be like. 



I.b WHAT CANNOT BE DONE WITHOUT A COMPUTER? 

It is common among cr-i tics of extant canputer-assis ted instructional pro- 
ducts to hear complaints that most current commercial programs are nothing 
but automatic page turners. Indeed, a perusal of the software sold for 
school use produces quite a few exemplars of a form in which exercises found 
in workbooks are displayed successively on a video screen. Usually, the 
readability and graphic quality of the exercise is poorer -than in the work- 
book and the acceptable student responses greatly restricted. ;^Short texts 
in capital letters with multiple choice responding is quite common. Yet, 
teachers of ten welcome such .aids; their novelty results in some students 
spending a bit more time spent in drill than would otherwise be the case, 
. and the very presence of computers in a school building relieves parents ytho 
worry that their children vd 11 not be adequately p^ for the informa- 

tion economy in v^ich they will have to live. 

We know that these reasons are poor ones. The novelty of the machine wears 
off quite quickly unless the machine is delivering an interesting message . 
Being exposed to computers by using them trivially is no more preparation 
for a career in an automated world than watchii>g soap operas abou t doctors 
is for a career in medicine. The research world must provide leadership and 
do,^ some of the analytical thinking that will help educ is 
worth doing with computers . What follows are several general areas in which 
computers can add more substantially to the quality of education;, 

I«A. Rapid Diagnosis • 

One major capability that a computer can have, given adequate software) is 
to rapidly diagnose specific sources of student errors. Such diagnostic 
capability can be used in many different ways. The simplest possibility is 
providing the teacher with an assessment of v^ere different children are in 
their acquisition of skills. Such data, perhaps gathered ' from observation 
of children's playing of games designed to provide practice opportunities. 



can help, in groupinig children for small group activities and can. occasion- 
ally - reveal specific skill weaknesses that might have passed for general 
negligence. The BUGGY program developed by Brown and Burton is a good exam- 
ple of this sort of capability. 

It is possible to go quite a bit further, though, and to use computer-based 
diagnosis to support coaching and tutoring capability. The WEST tutor by 
Brown and Burton illustrates this type of approach. WEST compares the stu- 
dent's performance with a model of expert performance and then generates a 
list of skill components that are likely to be missing in the student. It 
then has the difficult task of deciding how to intervene in the. student's 
game-playing in ways that migh* foster acquisition of the missing skills. 

K substantial extension of this approach might take account of how psycholo- 
gists ' currently think cognitive skills are learned and might make diagnoses 
that dif ferehtiatte the need for conceptual acquisition from the need for 
practice of procedural skills. Such a system does not yet exist, but is a 
feasible research goal that recent advances in computer technology and com- 
puter science make possible. A second research goal of this sort might be a 
capability for diagnosing, basic verbal, ■ quantitative, and spatial aptitude 
levels and adjusting the formatting of displays and texts to individual dif- 
ferences in aptitude. Thje reality of elementary and secondary education is 
that many teachers , in teaching the curriculum; are operating perilously 
close to the limits of their own understanding. Consequently, diagnosis, 
which tends to require sophistication well beyond the skills being taught^ 
'is hard, for them, and a computer ' assist would be a breakthrough. 

I.B Quick Response And Attentional Focus ^ 

A second capability of computers, and one in v^ich more progress has been 
made, is the ability to respond quickly to the student and thereby keep his 
attention focused on the task at hand. A variety of instructional games are 
starting to appear that have this property, and other formats are also being 
designed. However , there is much left to be done. In general, much more 
sophisticated software and hardware will be needed if systems are to be 
truly responsive and attention-demanding. Characteristically, existing CAI 
systems make decisions about prompting - the student at too microscbpic a 
level . Rather than independently assessing the rate and quality of respon- 
ses by the student, they are able only to branch to a prompt routine if too 
much time elapses on a given frame. ''This sort of context-free decision 
making leads to various frustrations, such" as being dunned inciessantly on a 
frame while you look up a-word in the dictionary or not being allowed to 
proceed to the next frame because the designer thought you should spend at 
least ri seconds on each line of text. Here both motivational research and a 
small €unount of technological development, are needed for computers to become 
more useful, (? - 



I«C# Improved Laboratory Experiences : 

■ 

Computers can greatly enhance student opportunities for -laboratory exr 
per iences. Educators value laboratory situations • We know that some con- 
cepts are best learned from concrete experience. We also know that concrete 
• problem situations allow useful exercise of newly- learned- facts- ahcl^ ™ 
However, there are many* barriers to effective laboratory facilities/ includ- 
ing the cost of the necessary manipulables and supplies. Certainly/ the 
computer can decrease .the costs vof . laboratories and can permit laboratory 
experiences that are tailored to individual needs* It can provide 3imula-\ 
tions of experiments ^that might be dangerous in real school settings and can" 
bring those experiences to a wider range of students* / 

For example, there are many students v^o have simple . itotor problems in the 
lab. There are others; v^o lack basic intellectual apritudeis and have diffi- 
culty- getting through the specif ic: ins tructions fo.: an: experiment and little 
likelihood of making grand inductions from the experience. More imj^ 
there are many ^situations in which physical H>nitations | limit ^ e 
even for the better student.- For example; linos^t students in elementary 
school are briefly exposed to Dienes blocks \ or some y o^ 
manifestation of place value . ' However, few are \ able to. ^ do significant 
exercises involving* four or five places. The 

handling 1 0,000 unit cubes makes such extreme exercises Impossible. '^^^^^^^^^Y^ 
^ there is indication in some ^ of the recent mathematics learning research, 
(e.g. , work in the Greeno-Resnick group at my institution) that the concrete 
experiences that underpin ■ understanding - need to be • richer and more extreme 
than is likely to result from current classroom experiences with these 
manipulables. . . . 

The computer can handle thousands of cubes in a ^screen "display, it never 
drops test tubes nor bumbles procedures^^^^^'s^^^ 
stage events can be repeated if this is helpful 

produced by time limits, motor coordination limits, and aptitude limits, the 
computer-based lab experience can ^succeed in doing vAiat would otherwise be 
impossible. ^ 



I.C.1 The Physically Difficult or Impossible 

It can also do the : impossible " in another sense. Physical demonstrations 
must, follow the phys^car laws. pf the 

world that are incorrect; and they would benefit ^f^ 

fic differences between their views and The compu- 
ter can illustrate -both accepted reality and;^t^^ a student sees iti 
On the computer screen, the sun can orbit the earth, the laws of motion can 
be repealed , the gambler Is fallacy can temporarily hold true ^ This provides 
important teaching opportunities, It -a^^ raises the question of how to 
teach young children that computers can :provide b tests 
and extensions cf our fantasies, -and how to tell the two apart. 
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The computer c can also offer^ multiple viewpoints on a phenbmehqhy^ a 

below in the discussion of the physics laboratory programs. 

can' t\ see something important in a direct animiated imitatipn 'of phenpme- f 
'nori> a variety of graphical and sound aids, can be offered as a^^ 

the gocil is landers tanding, the computer can make these displays 
"dent# In later stages of learning, it can help the v student- i^^^ 

aids' fpr -himself . , ' ; _ v;v^')^;^'^' "^^^^S^ " ^' 

I.D (Computer Literacy ^ ' ' r'^^v"^' 'I-,. 

For parents, and maybe for "all of us, the ultimate rea^^ having ccxnpu- 

ters in schools is to teach students some of the basics of an age they are 
entering, in \«iich information vdll' be bnevc^^ economy and in 

which" many occupations will re^ ccmputersx to extend one's in- 

formation manipulating ability. ^ For this to/' happen 'succe schools 
need assistance in sorting out Which aspects of current computer usage will 
provide ,.gpod background for the long term. ^ ^ v 

There is a temptation to view computer literacy as tfie. equivalent^ indus- 
trial arts classes for our times, as ^-insurance that our-.-children will have 
jobs. The' danger is in being too short-sighted; When my father's school 
board wanted to know what to teach in industrial arts classes, they asked 
local industrial leader's where there were jobs for which not enough people 
had the right preparation. . He^was^to woodworking , drafting , and sheet- 
metal skills wKich were godid preparations for jobs in an industrial midwest 
city;: the same skills were useful for more than a generation. 

* If that sbhool 'boardl used the i same techniques today, schools would, to a 
large extent, be training students to do exactly v*iat automated . progrsunming 
systems" will be doing' for us in only a few years. In areas with run-down 
industry, the call might .even be for high school graduates \rfio can keypunch 
or program obsolete computers. Perhaps, with some luck, the high-tech 
coastal areas would be more foresigh ted, ^ but even there, very temporary 
skill needs^^ v^ demands for computer training unless we 

have a ' clearer national sense of v^ere . the information-processing world is 

^oing. • To a 1^ society lacks the ability to keep up 

with the ^ computer revolution. Finding the right mix of skills to teach our 

'children is a task to which tiie best available talent should be. applied. 

If vfB fail to provide any' computer literacy -training , our children will be 
doomed to the lower portion of the socio-economic scale. If we provide only 
'the veneer of skill needed to fit into a current job or to be a more likely 
consumer of current home computers, we provide a- few years of job security 
but' only an illusion of immunity from obsolescense. ; Fundamental under- 
standing of how to plan the solution of information-processing problems is 
what -needs to be taught, and much research is needed to develop exemplary 
prototyples that the commercial world can tailor to local needs. 
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II .0 NEW ISSUES OP INSTRUCTIONAL PSYCHOLOGY 

This is a presentation about ins tructional methods. However, I feel the 
need to briefly outline some of the emerging principles of instruction that 
can inform method selection decisions. Just as the last technology of 
schooling, .v^ich used teaching machines, depfenf3ed on behavioral theories, 
the computer technology will exploit cognitive theory, 

-II » A -— Au toma ticity— Theory ■ — — ■ — '— — 



Our understanding of skilled performances .such as. reading has matured' sub- 
stantially. While folk wisdom tells us that practice makes perfect, we have 
lost sight of this in our schools. Much of education is organized around- 
achieving the lowest levels of learning. On tests, we ask students to be 
correct 70 or 80 or at most 90% of the time. However, correct performances 
at the limits of our capabilities depend upon very high reliability and 
efficiency of lower level skills. No one, for example, can be correct 80% 
of the time on a history test if he can only recognize, 80% of the words or 
If he must concentrate on word recognition at the expense oS integrated 
understanding. Recent efforts in the psychology of reading problfiKis and 
even, to some extent, in work on math learning ■ has developed a clearer 
picture of the need for concentration on overlearning or automation of the 
simpler subskills' that underpin more complex performances. 

II. B Pedagogical Theories 

A second area in which progress has been made is the integration of theory 
from developmental psychology with the more static accounts of canpetence 
that emerge from cognitive research on learning and performahce. we now 
realize that sophisticated understanding of the .world does not simply ac- 
crete as speci.fic principles are learned but rather that there are qualita- 
tive differences between understanding at one level of learning and under- 
standing at a higher level . Glaser has suggested that temporary organiza- 
tions of partial knowledge may need to be taught to the child . That is, in 
order tOKexercise the learning that has already taken place, it nay be 
necessary to provide the child with a coherent organization for what he 
knows, even if that organiza"tion does ncjt perfectly match more sophisticated 
viewci. He calls these temporary organizations pedagogical theories . An 
example might be providing a more Aristotelean theory of physics to a young • 
child who is not yet ready to understand Newton's laws or using the meta- 
phors of Galilean relativity to help someone who is not yet ready to handle 
the special theory of relativity. 

Research will be needed to clarify the types of pedagogical theories that^ 
should be : used and the circumstances . under, which we should avoid such 
approaches . 



II. C Tailored Cbaching - 

Perhaps the most important advances have come from work aimed at developiig 
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tutoring or coaching^ systems • Building a computer-based tutor forces many 
issues that cognitive psychologists have otherwise avoided. Some of these 
issues are so close to the margin of v^at psychologists know how to study 
that they are al'so philosophical questions (e.g. , vAiat does it mean to un- 
derstand a mechanism? what kinds of explanations do teachers tend to offer, 
and how adequate are they?). They represent simultaneously the highest 
levels of basic abstraction in cognitive research and the most applied work. 
Understanding vAiat a good electronics technician knows when he is able to 
diagnose..equipment : failures or vAiat a person must know to assemble a 
mechanical device has immediate payoff for* a specif ic applied task and 
general payoff in principles for attacking other tasks. The WEST and ARITH- 
MEKIT exaii'iples discusf^ed below elaborate on v^at is learned from building 
tutoring systems, ' /. 

• ' ' . "■ ■> 
H ,D Articulating Practice And conceptual Learning 

There is an area of cognitive/ psychology that is not well developed but that 
we will need if we are to produce the best intelligent computer systems. We 
need a coherent theory of instructional design. For example, we know that 
subskills should be practiced at length. We also know that certain sorts of 
exploratory worlds, especially v^en equipped with a tutor, can provide /deep 
levels of understanding f Exploration and practice need hot be disparate 
activities. We must resist the academic tendency to make lists of all the 
separate* kinds of things that might help studentis learn and .then force stu- 
dents through one such device after another. It should be' possible for the 
very best designers we have to build systems that integrate several kinds of 
ins triictional goals into a single coherent v^ole, that articulate, practice 
and conceptual learning possjLbili ties , We will see the beginnings pf such 
designs in the demonstrations /for this meeting, but substantially more in 
the way of> pace-setting prototype systems is needed. Perhaps an instruc- 
tional systems architecture competition is needed— -along the Unes of the 
;ARPA speech understanding competition of the seventies. 

This is a conference on canputers in education, and our recommended agenda 
should focus on t^at specific need. However, we should bear in mind that 
the best of such research will include some projects that are . also good 
basic science, and that we need that basic science at least as much as 
nieed specific software^ 



111,0 MOTIVATION 

Substantial work on 210 ti vat issues related to computer-based education is 
also needed. Students^ will do certain tasks on . certain computer systems 
that they will not do otherwise. Theory needs to be developed and tested 
that can explain the motivational :di'fferences between one system and an- 
other. Such a theory, I suspect, will be an amalgam of current social psy- 
chological work, traditional views of i^einforcement and feedback, and prin- 
ciples of cognitive psychology. 



We need to better understand the differences between reinforcement throiioh 
rewards that are not directly related to what is being learned (i.e., points 
for correct performance, or . a chance to play a valued game) and the rein- 
forcement that comes from 'knowing that one is becoming more successful in a 
skill. We see, in athletic coaching, an even-handed mixture of the two 
kinds of motivation. Social reinforcements are offered, but part of the 
reward in practicing swimming or football skills comes from knowing that one 
IS moving closer to specific performance goals, winning races, vanning 
games , ' ^ 

My personal suspicion ii that many students who might find it rewarding to 
know that t]>ey are becoming better writers or .better problem solvers do not 
actually recognize that success. What is the writing skill equivalent of 
winning a football game? Perhaps it is recognizing that your latest work is 
more fun to read than tl|ie stuff you wrote two months ago. Surely it is 
more.than getting five points on a scoreboard display. we need to taow how 
It differs and how to makje such successes evident to the learner. 

We also have, in the computer game world, a chance to understand reinforce- 
ment schedules at an entirely new qualitative level. The Skinnerian teach- 
ing machine provided a reward within about a second after a response. Each 
reward was quick, but the, overall pace- of performance was not all that fast 
in many cases. Computer games seem rewarding in part because one gets im- 
mersed in them and seduced by the pacing of action. The effects are not at 
quite the same qualitative level as in Skinnerian reinforcement schedules 
Work IS needed to unders tand. these efffects so that we can use them better 
and with more certainty about possible side effects. 



IV. 0 REVIEW OF NEWLY-EMERGING METHODS 



Having presented several themes that I think are important to our delibera- 
tions, I now take up my primary charge, reviewing"' some of the recently 
emerging forms of computer-based instrucl-.xon. : The striking property of 
these more novel^ forms is that they provide , in one sense or another an en- 
vironment over which the student has wnsiderable .feeling of ' being "in 
charge." The responsiveness of any coi,iputer system, including these in- 
structional systems, to individual needs depends heavily on a system organi- 
zation that permits seve ral relatively in dependent forms of computation to 
be-gb-ing on siinultaneously, with the student and perhaps the teacher- able 'to 
interact with any of them. Both students and teachers will sometimes need 
to examine and alter any aspect of the system, including the system's know- 
ledge of Its own state. The importarice of this requirement for multi-task- 
ing capability will emerge as- .the speci,fic forms of instruction are examin- 
. ed. . ' . 



IV. A Instructional C?m es , 

InstifUctional games can be a powerful force in education. Some learning re- 
quires activity that is generally dull and repetitious. An obvious example 



is. practice of simple verbal skills, such as correct pronunciation of a 
foreign language or . word recognition in beginning. In addition, though, 
there are concepts to be learned that are hard' to. absorb off the printed 
page or from a lecture. Instructional gaiues' can sometimes increase stu- 
dents* ability to get necessary practice done; the best games also provide 
learning experiences that are difficult to create in> less realistic environ- 
ments. What follows are descriptions of several types of games,*^ 

-IV.Aal Games As Filters BDr Prescribed Practice 

However,^ there is considerable evidence .that intellectual skills also re- 
quire considerable exercise before they become fully effective,- in mathe- 
matics, research efforts are beginning to achieve a rapprochement between 
understanding and drill; in reading, evidence accumulates for the dependence 
of the "intellectual" aspects of reading on automation of lower, level 
skills, such as word recognition; even in domains such as radiology, the 
role of highly overlearned perceptual skills in the course of diagnostic 
reasoning is I> coming apparent. More important, svibstantial theory (e.g., 
Anderson, 1982) has been developed to explain the specifics . of practice 
effects. Consequently, even though practice is a less glamorous goal for 
computerr based education^ it. is one that should be vigorously pursued. 

Practice-providing garaes need several properties. ' First, they must demon- 
strably provide the practice for which they are targeted. Second, they must 
be motivating enough to keep the student engaged in effective practice. 
Third, they must convince parents and teacheris that they provide a specific 
practice function. 

Examples . Two short examples help illustrate these points^ The first is a' 
game under development by my colleagues Isab-el Beck and Steven Roth at the 
Learning Research and Development Center . This gam-a .is designed to provide 
opportunities to., practice differentiating words thac have similar starting 
and ending consonants but, differing vowel centers (e.g., bet, bait, ^bat, 
beet, etc.) • ' The game is similar to certain electronic arcade games in., 
certain respects. There is a maze covering the board, with words located at 
various pieces in the maze. The child 's task is to steer a smalr creature 
around the board with a joystick, Tho computer speaks a word, and the child 
wins points if he steers the creature to that word and then presses the joy- 
stick button. t^Additional elaborations and complexities are built in, allow- 
ing the game to be played at many different levels (for example, the faster 
the response afj:er a word is spoken, the more points are earned; wild cards 
can be used for any word, but they ^wi 11 not count unless a related phonics 
-performance is done correctly).' The game, can be shown to require perfor- 
mances that are consistent with current , practice goals in reading for 
elementary school children. v 



Games also can function' as simulations of real-world environments 
th^it the student jis studying (e.g., business games, war games, etc.). i 
''treated simulation an a separate topic, which is' taken nn below, because it 
imposes a separate f requirements on authoring environments. 



However, it will be successful only if it keeps children's interest. This 
it seems to do. Intuitively,- l can see many similarities between this game 
and games like Monopoly and PACMAN; However, we need better research on 
what it takes to make games ^ such as these motivating • we also need to ad- 
dress the question of vrfiether children v^o get regular access to such games 
will 'still be able to learn in more traditional environments or whether cer- 
tain games somehow destroy the, mental . discipline needed to learn from 
teachers, - 

A second example is one of the components in a computer-assisted writing in- 
struction project at Bolt Beranek and Newman, A BBN group headed by Allen 
Collins and working with outside consultants such as Jim Levin, has 
developed a computer-based classroom newspaper , students can function as 
both writers and editors of articles in this newspaper and have an array of 
word processing tools available that allow them to concentrate on developing 
and editing compositions The final products can tiien be printed as a 
classroom newspaper that parents and friends can read. Such a system pro- 
vides additional motivation over traditional homework assignments and also 
optimizes students* writing time by providing tools that facilitate . the 
drafting and redrafting process. Work is also in progress at BBN and else- 
where on coaching aids that help students figure out what to write about in 
the first place, ^ 

IV.A«2 Games As Discovery Environments 



The topic of games as discovery environments overlaps that of the computer 
as a laboratory. In both cases, the game functions by creating situations 
in which the student confronts problems from which he can discover important 
new principles. In the laboratory format, these si nations are explicitly 
cre^^ted according to an ' ins tructional sequence , In the game environment, 
the overall game is engineered so that students often find themselves in 
such situations no matter which choices they ^ make in playing' the game* In 
essence, the game adds a feeling of being in charge to the experiences that 
other laboratory environments might also provide, at a risk that the student 
won't always make instructiohally optimal choices, 

I vdll mention only one e?:ample • Ann Piestrup at The Learning Company has 
followed up earlier NSF-sponsored . work in developing a game environment 
called Gertrude's Secrets. The game environment is designed to teach simple 
logic and set concepts to young children (e,g,, the set of blue squares is 
the; intersection of the set 6 blue , things and the set of squares) , There 
are a number of ways in which the environment stimulates exploration by the 
child while assuring that given sufficient c-ploratory time certain concepts 
will be acquired. The environment is similar to .games such as Adventure in 
some respects. At the start of . a session, the child controls a cursor with 
a joystick (the program works without a?; joystick hu not as well) that can 
be moved anywhere on the screen excepit through "wall, . Around the edges of 
the screen, there are several openings in the walls, giving the appearance 
of a floor plan of a. room. Moving -the cursor through an opening produces a 
screen depicting an adjacent "room e" 



Signs along the way point toward games one can learn to play,. Each game is 
in a suite of three rooms; one to play in, one that illustrates the game in 
action, and one that contains text with instructions. There is a helping 
personality/ Gertrude the Goose, who brings the pieces for each game, pro- 
vides a "treasure" after each game is finished, and stores the treasures 
(pictures of valued objects) in a "treasure room," Two rooms provide re- 
sources for ^ the student to ^nodify . the game him/herself, by producing new 
shapes to be used as game pieces. 

Several devices seem to increase the effectiveness of this game. First, / 
there are multiple levels of complexity, stimulating the child who has play- 
ed before or' who is more gifted as well as the slower or newer player. 
Second, there are elements of student control: if'you don't want to make 
Vlenn diagrams with circles and squares, you can make some with spiders and 
snakes instead. If you don't want to play one game, you can play another. 
Third, it is easy to get help; you just move your piece into the help room. 
Fourth, the designer is a good artist, making effective use of color, 
graphics, and, most important, blank space. 

There are not many Ann Piestrups around, and it is worth asking v^ether it 
is possible to move beyond the current stage in which there are two or three 
real geniuses designing instruction with the rest of us believing in every- 
thing they do because our conviction of its pverall va^lue is not matched by 
a clear sense of which specifics matter. We might want to have research 
available on the kinds of motivational properties Piestrup has. used. What 
sbrts of choices are important for motivation? How many options §re the 
right number? How do you assure generalization from snakes and spiders to 
triangles and squares? 

Most important, %«e must realize that Piestrup has only begun, and the novel- 
ty of her work hides future problems. There are currently eight worlds like 
the one just described. This means that the total set of choices of "rooms" 
may already be on the order of 200, with new ideas still being developed. 
Will a child find his way in the game environment of the future that has 
hundreds of "rooms"? I think not. Soon there will be need for greats 
intelligence in these games, so that, the rooms a child finds nearby are ones 
consistent with not only his interests but also some instructional qoals. 



IV;A.3 General Issues For Game Development 

Games are used as instructional devices in large part because of .the l^iKe li- 
hood that the student will be more motivated to play the game thaii to engage 
in other learning activities, Nonetheless, games will be : rrtOSt useful for 
instruction when the motivation to keep playing is intrinsic to the game, 
(in the sense of Malone, 1981 ), and hopefully even ^ to the skill for which 
the game was written. Ideally^ students should learn to recognize improve- 
ments in their skills as' "success," without- need for a superimposed 
artificial layer of reinforcement. 

It can be safely assumed that there will be a continuing need for an arsenal 
of motivators v^ich, .hopefully, will -be used sparingly. In the sections 



that follow, some of the issues this raises are explored. Of overriding im- 
portance are several general concerns that may require "research. We need -to 
make some decisions about tlje likely capabilities of software built to run 
on different levels of hardware,, so that schools can have some sense of what 
they will gain or lose by purchasing small-memory, 8-bit machines; 64K 8-bit 
machines; 16-bit ro.achi n ea w i L h a-blL O d ta- jaths; true- 16"^^^"*^ 
even larger ones such as the lisp machines starting to appear. Work is also 
needed to develop standard toolkits, or authoring environments for different 
levels of hardware. Hopefully, these authoring environments will lead to 
some upward compatibility of software, allowing -old tools to be used on new 
machines. A major purpose of such toolkits is providing easy access to 
standard motivating devices, such as those next discussed. 

IV. A. 3. a Sound And Light 

Even a cursory look at successful arcade games calls .attention to the 
variety of surprising sounds and animations that are used to' entice and hold 
the interest of players. At present, most games in arcades are based upon 
extremely small amounts of memory and processing power ♦ Thus, any of the 
devices in such games should be readily available to ah instructional de- 
signer. The only task for the builder of software authoring toolkits is to 
make it simple and straightforward to use them. 

A voice chip of common words and game noises should add very little (less 
than $250) to the price of a system. What is needed' is a facility that 
would allow an author . to listen to a variety, of strange coipputer-game noises 
and simple words and to specify v^ich he wants to use in a given instruc- 
tional setting. 

It should be relatively simple to., develop a ^software kit \^ich allows the 
designer to specify nbiisea he thinks he^^m he is creat- 

ingc At the ti^^ program is compiled, if no further specification 

for a noise Uke "exploder or given, the system could of fer a 

menu of sound types for sampling and ask v^ich one to use. 

A similar capability ought to exist for visual effects, though here 'the task 
can get more complex. Nonetheless, it should be possible for an author to 
ask for a visual explosion at a particular pair of ' coordinates, for an ob- 
ject on the screen on change tr a je^ simple level, this 
is possible with a very primitive microcomputer, such as the Tl 99/4, when 
certain forms of display control circuitry are included .*2 it 'would 
also be useful, though a bit more complex to expand the 'graphics resources 
discussed cabove ^to include some level of animation (at least simple changes 
over short time periods). 



"-^ I refer to the "sprites" that are available with TI LOGO, arid* to 
other facilities on various computers that have separate display controller 
hardware • ■ . , ■■ ■■ r' ■ 
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^^'.A.i.b The Hall. Of Fame 

. • ■ ■ ./ ' ' '. ' 

motivational device that can be seen in ,ame arcades (though it pro- 
bably started in instructional computer uses, such as PLA^O) is the "Hall of 
Fame." ■ In its simplest form, the hall of fame is simply a student-accessi^ 
ble record of the best performance recprded thus far. Hall of fame software 
should be independent of the basic software structure for the game itself. 
The game control module shbuld- make ..the., r^^ each game available to 

6ne or more other modules that evaluate the performance -and__decide "v^ether 
to add it to a : li-i5t_. of best performances. Neither the wrTter-^-of- 
hall-of-fame* software nor the designer of a specific game should have to 
worry about too many details of compatilDi-^l-ity^^be^^eer^ two modules. 

The primary use of halls of fame seems to be in es tab lirshing, goal informa- 
tion for game players. While -isome players may wish to become^^^amoiis, it is 
striking that players often use a nam de guerre, in recording^^bh^ir 
record-breaking performances in a hall of fame. Also consistent with the 
.notion that access to goal setting and game shaping information is of great 
importance to student game players is the success of more general 
"libraries" of information about interesting student performances. 

Of course, there is a paucity of research on the social comparison issues 
involved here^ and it would seem useful to -have some that was conducted 
specifically within the computer-based instruction environment. If it is 
possible to sponsor fundamental research of this sort while insiaring t^at it 
is done vith a strong mandate to carry the result to the computer-based in- 
struction arena ' expeditiously, this might be an important item for a 
national research agenda. 

IV. A. 3- c Motivator Libraries 

One of the imiportant aspects of computer-oriented work settings is the sense 
of community that can develop among system users v^o have a common set of 
needs. In many, systems, the electronic mail and bulletin board* ^ capfi- 
bilities are the most frequently used resources^ and the usage is primarily 
nonf rivolous. Problems that might have required wseks or months to. solve 
can sometimes be handled within^ hours by announcing the problem on a 
bulletin board and receiving mail from colleagues with suggestions. Any 
system user v^o comes up with an . interesting idea that he knows will be 
helpful to others "has a socially acceptable medium for annoijncing it. 

few definitions : A mail system is a method for sending a message 
from one computer user to another, with automatic notification ilof the 
addressee of incoming mail (by system broadcast, login message^ etc .) . \ 
bulletin board system is one that allows computer users' to add notices t© a 
file that any other user can access. . Useful options in such systems include 
key-word indexed^ directories of current postings, automatic resources for 
removing old messages, and even automatic notification of a user v^en 
^messages of a class in v^ich he is interested are posted. A library is a 
long-term bulletin board vdth enhanc screening and directory capabili- 
ties. 



Experience in the PLATO project, among other places, has shown that commurtl- 
ties of students also can make good use of library and inter-student can- 
mun^^Mtion resources In a sense/ this is an extension of the hall of fame 
con; pt, oiiice many of ti; idf ..^ stored or announced are "record-breaking" 
performances. However, more than this motiva ion function is served. The 
presence of user libraries, bulletin board, and mail facilities' in a compu- 
ter system for instruction provides a potentially, important form of computer 
socialization for the istudents. They learn that their ideas may be of use 
to others and that others may have solutions to problems they find diffi- 
cult. Just as important, they get experience in the social aspects of in- 
formation sharing. \ . \ 

It is a major design chore to develop^the background environment for soft- 
ware authors and for student ' users of instructional software. Market fac- 
tors will tend to make it hard for any one business^ to take on more support 
design work than is needed* to bring their own products to market. Thus,- 
without some collective activity, aimed at deciding v^hich tobls are needed 
and then building them,-we will end up with many good systems that are in- 
complete- and incompatible.^ This will. greatly multiply software costs and 
cut the value of individual product efforts. 

■ ■', ■ ■ •. f-"' " • ■ . ■ 

- IV.A^3.d Student Designed Games - . 

While^I^^ve already mentioned student tailoring of games, the mor;e powerful 
machines of^^^e future will permit even more dramatic possibilities. Stu- 
dents should eventually be 'able\ to build games from scratch, with the ccxnpu- 
ter intervening to as^e that ^ the games satisfy some ins tructional goals . 
systems or kits (in the^sense of Goldberg, 1979) for student-created games 
will require careful designr^-^e problem is to allow the student to freely 
inveni-rA^riations on a game vAj.le\^nstraining the choices to exactly those 
thar /will provide a specific form of^practice. Further, the constraints 
should not be too visible to the student-^ should not^ be imposed in too 
post hoc a manner-- that is, the student shdiittd^never be in the position of 
having specified' a game only to' be told, after doing all the work, that the 
game was unacceptable. * 



It is possible to write such game kits in any environment. ' it would be , 

especially pleasant to build them ^in an^enyironment that ovefUy ' 
the objects that were to be involved in a game In such a situatio^v^an ad- 
vance constraint could be that the object could o^ accessed -^ough 
performance of the to-be-practj^ced_ :skil^^^^ Clearly, the need for stude'ntN^ 
libraries will be particularly acute if students are able to design their " 
own games. ^ . ^ - 

'Perhaps the possibilities I envision can better be mderstood via an exam-^ 
pie. Suppose we wanted to allow students to build their choice of a variety 
^board games that were more or less like Monopoly.' That is, they would 
have a board (a region on a screen) on v,*iich could be placed a game track. 
The student might be able to specify the structure of such a track by either 
drawing it or describing it (e.gi, a square with 1 2 spaces on a side, the 
set .of interconnected cells sketched with a light pen, etc • ). It would then ... 
be necessary to provide some sort of label for each cell (square ) . 



At this point, the basis for a finite state machine exists, \^ere each 
square is a state. Many games, have a move structure of the following sort: 
when it is your move,' you (a) roll the dice, (te) move forward the number of 
squares indicated, and (c) possibly execute ^wome process to find out if 
something . else will happen. The system should be able to move a piece for- 
wn-i - a function of a dice roll, though the student. ®ay want to change tha 
na^ c of the dice, spinner, or other move generator. What is more impor- 
tan;. is w , de a means of allowing the students to specify what ±he con- 
sequence of landing on any given square might be. It is here that attention 
to the practice goals of the game needs to be considered. 

Within limited game types, it should be possible for the system to coKu cue 
student's specifications and modestly alter them to maximize practice. For 
example, the text a student needs to reeui in order to know what to do at a 
given point could contain target vocabulary, a problem that must be worked 
before points can accumulate at a given square, etc. Alternatively, the 
student could be given a standardized frame to edit. For example, the stu- 
dent might want a treasure clue to be revealed at a given sqviare. He could, 
request this, leaving it to the system to "encode" the cliie. Someone land- 
ing on the square in question would then have to break the code to get the 
clue. student-modifiable games are a bit exotic for present-day instruc*^ 
tionai syst^s, but should be quite feasible in the future. 

Game development tools, like tQiose for other computer-based instructional 
proceciures, should encourage highly modular design, simple access of new 
modules * to the. communications .between existing modules, and explicitly 
specified and m;5inaged layering o:P the soft^Tare being built. Such a resource 
will encourage : an approach in Which the c^uthor builds a prototype game, 
shapes it by empirical trial ninto a successful instructional component, and 
th^en opens it up to the student by adding options for tailoring personal 
versions. This' \xiay require research efforts aimed at further developing 
languages such as LOGO, for this pxirpose. 

IV. B Tutorial And Coaching Systems 

Tutorial and coaching systems afv^ those in vAiich some sort of advisory or 
hint agiver ic superimposed on top of some other activity , such as a game, 
simulation environment, or programming environment (e.g., LOGO' or Small- 
talk), such systems, \ in their mol^e sophis.ticated forms, are best represen- 
ted as a hierarchy, in which a tutor component "watches" the interaction be- 
tween a student and the rest of the system, deciding v*ien and how to inter- 
vene in that interaction. They pose a somewhat different set of -reqxiirer 
ments for authoring ^mvironments, v 

Of course, there are coaching systems that are much less complex^ in v^ich 
any sense of hints as responses to the pattern of a man-machine interaction 
is at best implicit. For example, the TUTOR langviage for PLATO, even in ^iie 
late 60's (Avner & Tenczar, 1969) contained a HELP command that allowed an 
instructional designer to sp^cify a piece of ins tructional material that a 
student would see if he asked for help, or made certain specific errors. 
X5uch a "canned hint" capability is not ^^^^^^^^ factor in designing 

, iris±ru'ctionar systems, since it involves nothing but an expansion of .the 



range of responses a given frame is pre^red to evaluate and act upon. 

Intelligent coaching systams/on the other hand, represent a major new level 
of complexity in con5)uter-based .instruction. Rather than being explicitly 
specified, sequential (or almost sequeatial) programs, they involve 

"interacting active procedural elonents or ACTORS. ... 
Ihe crucial issue then becomes the design of the sociology > 
of ACTORS, that is, the ccmmunication and control 
strategies used to organize the, efforts of the independent 
ACTORS" (Brown, Burton,. Miller, deKleer, Purcell, Hausman, 
& Bobrow, 1975) . * ^ ' 

In such a system, the mainline interaction between the student and a game or 
other learning environment depends upon only one, or at least only some, of 
the independent procedural components. The tutor or coaching system also 
involves different ccmponents. Any authoring e^^^^^ for systems of 

this type must allow for the clean, efficient, explicit specif ication of 
multi-component structures. it also must bridge; the^^gap between multi- 
' ccjmponent syj3tems in the author • s mind and substantially simpler hardware in 
the student's clas'^ocm. . ^ • . ' 

In this section,^ we review the requirements of likely future tutorial, and 
coaching systems. A good review of issues highly related to this section 
can be found in Clanc(^, Bennett, & Cohen (197,9). .m^that review, other 
architectures are proposed in. adtiition to the one advanced below. HoWever, 
I believe there are a set of coiunon issues that will arise for any system 
with interacting but largely independent procedures and that such systems 
will be required for intelligent tutoring and coaching to take place. 

The requiranents for coachitxg and ' tutorial systans are discussed below in - 
the context of the WEST syst-m (Burton' & Brown, 19791. That system provides 
tutorial levels of hints to a student playing a ccmputer game- called "How 
the Wast was Vton" (Dugdale & Kibbie, 1977 ), which is a variant of Chutes 
and Ladders that- provides drill and practice in arithmetic for elementary 
school students. In it, the student is given three numbers, on each move 
(they are generated by three "spinner" displays on the ccreen). The 
student is allowed to combine the numbers into an arithmetic expression of 
his choice. T^e value of the expression determines the number df squares he 
is moved on the game board. There are several- levels at which the game can 
be played. 



First, one can always try for the largest number. Later, one can begin 
aiming for specific numbers that will be more advantageous because they land 
on a "chute" that permits a shortcut or because they land on a sc[uare occu- 
pied by an opponent, who muist then move back scxne distance. 

. • \ ■ " , ' , • ■ ■■ ^ . 

In order to provide tutorial hints to a student , the system needs to know 
what the student is doing (his move pattern), what the optimal moves are, 
and what to do to improve the student's current performances. In WEST, the 
task is split into two. parts, diagnostic modeling and tutorial 
decision-making. 



IV.B. 1 

Diagnosis of the student's current -level of skill and performance is done by 
ccmparing the output of two system components, the student modeler and an 
expert modeler. The student modeler outputs a canonical statement of the 
student's recent moves. '?his includes the current move and the underlying 
skills that gave rise to it. The expert modeler similarly provides 
information about the best current move and the underlying skills that would 
give rise to that. The two are compared^ ^nd the result is a differential 
model ^n which information relevaat to specific tutoring issues is provided. 
In the. case of WEST, the types of issues are (a) the rules for composing 
arithmetic expressions, (b) the rules, opxions, and strategies for playing 
the game, and (c) general principles of g^ne playing. 

Of course^ the isstaes involved, in different instructional environments will 
vary/ but the system architecture of WEST is a good example with 
considerable generality. The System/must have several personalities, 
including the game player that plays the game with the student, the student 
modeler that watches student performance and builds a model, of the student ^s> 
^skill, the expert modeler that describes the cdnponents of expertise 
relevant to the current situation', and .the differential modeler- that 
ccmpares the expert and student mojiels. Another major persbncdity is the 
tutor, described briefly in the next section. 



IV. B,2 Tutoring strategies - 7 ' 

There are various tutoring strategies in use in current intelligent compu- 
ter-based instruction. They all have the property that, they identify prin- 
ciples (knowledge structures) that the student does not know and then jus ^ an 
implicit model of learning to decide \f*ich principle to teach next and how 
to teach it. Further, they need mechanisms to deal lack of curren- 
cy and completeness in the student model , Thus, they involve rather complex 
intelligent activity. Any system within which instruction is to be authored 
must provide a programming environment that allows such complex tutoring 
modules to be created. 

In addition, the information about correct (expert) moves, the student's be- 
havior , and the tutoring agenda needs to be represented explicitly enough to 
permit the student to ask questions and to constrain the tutoring process, 
at least in part. That is, the student should be able to respond to a sug- 
gested move with the question, "What's wrong with the move I made?" Thus, ^ we 
see the need for multiple tutor roles, too. The tutor is sometimes a tacti- 
cian, sometimes a strategist, and sometimes a conversationalist/advisor. 

IV. B. 3 Motivational Issues 

Some tutoring fxrinciples may'l^ave such generality that they should be ope ra- 
tionalized as a kit (or module) that can be^ added to any hinting/ tutoring 
system. - A major requirement is that other aspects of tihe system design 
should not .depend upon whether the kit is in place or not. Clearly, there 
are also general principles of tutoring that are domain- independent, or 
mostly so. Consider the principles enunciated recently by John Seely Brown 
(quoted verbatim from Malone Levin, 1981): 

(1) Before giving advice, be svure the Issue used is one in 
which the student is weak. 

(2) When illustrating ;an Issue , only use anr (an al- 
ternate move) in which toe result or outcome of that move 
is^dramatically superior to the move made by the stu - 
dent. , ' . . 

(3) If a student is about to lose, interrupt and tutor him' 
only with moves that will keep him fro^^ ~ 

(4) Do not tutor:/ on two consecutive moves, no mat^^ 

(5) Do not tutor before a chance to discover 
.the game for himself, I 

; - ' ( breaks "ini 

If the student makes^: M exceptional move, idientify v^y 
it is good and congratulate him. -"^ ' 

(7) After giving advice ' to the student, offer him a chance 
to retake his turn; but do- not- force him to. 
V (8) Always have the Oomputer . Expert play an optimal game, 
(9) If the student asks : for heljp, provide several levels of 
hints. ' " ' V , X - 

K ; (10) If the student is losing consistently/ '^j us t^^^^^.^ level 
of play, \ 



.(11 ) If the student makes a potentially careless error, be 
forgiving. : But provide explicit commentary in case it 
was not -just -Careless • . ' . 



A number of issues for the design of authoring environments are brought out 
by Brown's suggestions. Consider Suggestion 1 0, which concerned adjusting 
the level of game the computer is playing against the student. This 
principle ' involves^ keeping track of the progress of the student's game, 
which is something the student model will probably 'be doing, at least 
implicitly. The action to be taken, though, is to modify the game-player 
^module, not to Intervene , With a hint. Suggestion 7 involves both hint 
giving and modifying, the game player (at least minimally). Suggestion 3 
involves supervising the tutor in light of information that must come from 
the expert ^mod^l, - <v 

What is Apparent is .that a "motivation principles kit," surely something 
desirable, niust be ablS to observe the' activity of \prious components and 
intervene, it would be ideal if such kits could .be added to any particular 
system without regard to the ' specif ic content 'of the system, r knowing only 
that it was created-.iri an authoring environment that supports this class of 
kits,. Much more important, we need to greatly extend the research that 
Farown'and others have begun. We need a theory of tutoring, and that is a 
major cognitive psychological research task. It is justified as a priority 
research ' agenda item by the , sudden emergence of tutoring as something that 
we can afford »vto do-much— more than in the past — ^if we know how to do it well 
and substantially by machine, " 

■ ■ \ . ■ ■ ■ . ■ ,: ■. ■ :^ ^ ^ ■ ■ ^: , :■■ . ■ , ■ 

IV, B, 4 conversational Capabilities \ "^^^ ^ 

An obvious area of concern for future authoring environments is that they 
provide tools for interacting with ; the student in a: relatively natural way, 
A complete natural language generator 3is beyond i current ^ technology and 
certainly beyond the scope of the .machines likely to be in schools in' the 
next few years. Nonetheless, even constrained text ^generators that are 
Imperfect will be of some use. The tutor needs tS he abler tc^^ interact with 
the child 1 The ? authoring environment ^'used by computer-based instruction 
designers should offer a variety of partial language * parsers/ and Sentence 
generators that can be used as tools by the instructional systems author , A 
standardizetj. way of installing a parser or text generator as the one j to be 
used in a particular -instructional product will bevvery helpful, as will a 
standardized means for requesting natuical language output and the parsing of 
.■new. - input,-- . •■. 7" . -a- \ - . ■ " 

.i;v,B,5 Summary Of Tutoring System Reseja'rch'' Needs ' 

• I ■ ' 

,1^ can summarize the /foregoing ^idiscussion of tutoring and hinting by 
suggesting/ several areas in v^ich research might be needed: 

; : ■ o^ T rhinting/tutoring process requires a style of system t 
k.iL .design independent modules that V 
^ ' share in common some* knowledge and • also knowledge* of each 
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other's activity. The programming environments needed ^^^.^^^^t^^ 
support such efforts are' starting to become available, but 
there is need for sufficient support of "prototype develop- ' 
ment to produce clear principles for designing such sys- 
tems. 

o Intelligent tutoring systems represent state-of-the-art ar- 
tificial intelligence and require authoring environments / 
that do not restrict the range of program-idng resources the ^ 
author uses. The trick will be to provide this flexibility ^ , 
while maintaining (or laying the groundwork for ) maximal/ 
^ portability of systems from one running environment to 
anothe?:. Research will be needed to clarify what should /fee 
portable: every program, certain nin-time environment 
cross-compilers; interpreters, •••• / 

o A theoryr of tutoring must be developed in the context of 

intelligent computer-based instruction. This is j^rhaps . ' 
the single most important long-term research need/ , if the 
power of computers is to be adequately exploited, / 

. o Research is needed to improve the natural language commxjni- 
catipns resiources available for instructional uses. If we 
. know more about the student' s specif ic knowledge lacks, or 

if we know about aptitude weaknesses, we need to be able to 
tailor how we talk to the student in the course of his 
learning. This is true whether the we of the last sentence 
is human or artificial, 

IV, C Laboratories And. Exploratory Environments v 

1 next consider open-ended laboratory environments in v^ich the istudent is 
able to do a wide variety of activities. Such environments can be monitored 
by tutors, like. any other. Their crucial property should be that almost any 
reasonable- probable pattern of behavior by a student in using the environ- 
ment should be a useful ^learning experience. Open-ended environments can be 
used, in two ways . ' One approach is to let the student decide how to use the 
environment, perhaps providing some hints along the way. A somewhat dif- 
ferent approach is to treat the environment as a laboratory in v^ich speci- 
fic exercises' are to be carr<ied out. Q^hese are extreme positions on a con- 
tinutim of -^uses. • : ■ :■ ■ ■■■ ' ■ 



IV.cVl Computing Languages For Children: The General Lab . 

^• ■ ... - • ■ .,'■ 

At least" one general computational environment, ought to be available on any 
instructional system. Three primary candidates for such environments ara 
BASIC, LObo,, arid - Smalltalk. -I briefly d;Lscuss each. ^^.o these possibilities 
i n turn , hoping to clari fy the issue s yet to be f aced in designing coiiij^vrter 
languages. f or children. . ' . . 



IV.C.i.a BASIC 



It is ^fashionable to look down at BASIC, and I tend to follow this 
particular"' fashion" myself, Nonetheless, it is Important to realise that 
just--abbut-ever-y_-miarocomputer in a school today has a BASIC interpreter, 
Thusjr, for example, a book of computer literacy lessons or lab exercises for 
algebra that called for BASIC programs to be written would have wide 
generality. Further, some of the properties of BASIC were specifically 
designed to help facilitates use of computers by people with no computer 
background, 

.The most important property of BASIC is ' that it minimizes the need .'-to 
understand the traditional series of events involved in writing and 
executing a program: editing, ccxn piling, loading/linking operations, and 
actual execution/ What could be simpler than typing in steps of a program 
in any order and then saying RUK.v Corrections require no knowledge of 
editors or editing commands,*^. There are no compiler and linker 
conventions to learn about. The syntax of BASIC is .^straightforward. It 
ought to be the. idisai playground and laboratory environment for the 
computer. 

It is not. The reasons have more to do with advances in what resources fire 
routinely available on a computer than iu any lack of design skill in the 
people who put BASIC together in the first place (Kemeny and others), 
Today, even the smallest microcomputers have more memory and faster 
peYfoTmance~thair"the^^ was written. Also, instead of 

printing terminals that can only output 1 0 characters pep second. Which were 
the tools in the first BASIC laboratories for ^ students, we now have video 
display systems that can be updated 12 to 96 times faster .than the tele type. 
As a result, traditional BASIC systems have the following shortcomings 
relative to the state-of-the-art: 

1, They; require the user to keep i paper, the ' 
entire program. The user can only edit by naming line 
numbers. Thus, the structure of the language reflects the 
trivial task- of issuing commands rather than the more ' 

• ^ ; basic task of planning how a problem" is to' be solved , ' 

2, Because the only mode of editing is to retype t^ 

: line, editing is unnecessarily inefficient, requiring more 
' key strokes than , necessary, perhaps by a factor of 1 0 to 

30 (cf , Card, Moran, & Newell, 1980), , ^ 

, ^3, Because BASIC was written to be an interpreted language on 

slow .systems, it has only li.mited * program structuring • 
capabilities,; None of the conventions of current ' 
— programming prac^?ice, mainly involving highly modular, 
■ - hierarchical design, can be expl^^ „ 

: ' ' ':. '\ \ ... ,': , ',■ .\. , ■ . <5>' .. ■ ■ ^ ■ ■ ■■ . ■ ,'. ' • 

A naiive user might find /^e l 1 0+ * editor commands of the editor I 
used to write this paper a significant barrier to rapid functional use of 
the machine, I suppose, . 



BASIC was written at a time'- when computers primavily hand- 
led numbers and perhaps character strings. There is a 
lack of richness in the data types available. In particu- 
lar, list oStructures- are not available. 

No recursion is allowed in BASIC. 

No explicit characterization of independent, interacting 
"actors" is possible with BASIC. . * 

No graphics support is available in BASIC. 

For most of the complaints just listed, -ttiere will be challenges that some 
newer microcomputer systems provide the resource in question. This is part- 
ly true. However, the problem is standardization.' The 'standardization of 
BASIC is largely restricted to the components it had in its early years.. 
Screen-oriented editing, graphics cranmands, etc . , are not standardized. 
Hence, real investments are required to build software that runs on multiple 
systems . ' Usually, the efforts are not made .Perusal of any. personal compu- 
tet magazine will reveal ^at sbftware advertisements list BASIC programs^ 
according to the systems under which they ^.d. 11 run. F!:^j:'ther, problems such 
as lack of support fp^ modular deftign are seldom really addressed at all. 
Thiis, BASIC seems inappropriate for instructional use. 

One problem is that much grass roots software development for education is 
in BASIC. Hundreds oif teachers are writing BASIC programs for their class- 
rooms today. There har been an enormous investment; of effort in BASIC by 
the very people otherwise most likely to be receptive to newer systems. 
Also, we look at BASIC as an example of the problems that arise when efforts 
after standardization are delayed too long. Just as with other "standard" 
languages like FORTRAN and COBOL, BASIC survives because of the investment 
already made in it. To m6ve to another language, reta^.ning and* program con- 
version on cin enormous soale will be required^ 

This suggests that a sOTnificant effort should be made to develop prototype 
languages for childrei^that are better than BASIC and to understand why they 
•are better. The next/ tyo languages are of that sort, especially LOGO. They 
are important^ but yat incomplete steps. So much of the recent emphasis in 
LOGO development efforts, for example, has been on fitting the language into 
impoverished machines. A new effort will be needed to specify v^at a com- 
plete implementation ought to have arid to test the validity of such specif i- . 
cations . , • • ^ 

IV.C.1 .b LOGO ^ . . ! ' ^ 

An interesting- contrast to BASIC is provided by LOGO. LOGO has also been 
designed as an easy to learn language (it also has ai^specif ic orientation 
toward, .children' s learning that is quite different than 'those that motivated ; 
the \ BASIC originators; see Papert, 1950) . It >as not originally meant as a^^- 
standardized language. Perhaps the bast overview of its design philosophy' 
-."is^ offered:' by "Paper t-hims;<-:lf '•. -••v:^. 
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LOGO is the name of a philosophy of education in a growing 
family of languages that goes with it. Characteristic fea- ^ 
tures of the LOGO family of languages include procedural 
definitions with local variables to permit recursion. Thus, v 
in LOGO it is possible to define new commands and, functions 
which can then be used exactly like the primitive - ones, LOGO 
"is~~an~ilitrerpr^^^ means that it can be . used 

interactively. The modern LOGO systems Jiave full list struc- . - 
/.ture; that is to say, the language can operate on lists >^ose 
elements can themselves be lists, lists of lists, and so 
forth. ■ 

Some versions have elements of parallel processing and of 
message passing in order to facilitate graphics programming. 
An example of a powerful use of list structure is the repre- 
sentation of LOGO procedures themselves as -^Hsts of lists so 
that LOGO procedures can construct, modify, and run other LOGO 
procedures. Thus LOGO is not a "toy,"; a language only for 
children.^ ' v > 

...It should be carefully remembered that LOGO is never con- » 
ceived as a final product or offered as "the definitive lan- 
guagec»" Here I present it as a sample to show that something 
better is possible., [p. 217] 

. Indeed, several different implementations exist already for microcomputers 
(e.g., for the Texas Instruments 99/4, the Apple If Plus,-" and the Terak ; 
851 P/a) . All of them will be of value in instruction . The dif ferences, 
however, may create compatibility problemsv For example> the Texas 
Instruments product implements some graphics object capability in hardware. 
Thus LOGO farograms can run^^a that 

Tl run ''in parallel '^o the LOGO program. On the other ^^ h^ TI LOGO does not 
have real (noninteger) arithmetic. Also, it does not have ■ the rich list 
structure capabilities Papert described . There will- therefore be many < 
programs that cannot be transported from one system to the other; However, 
various recent books (Abelson/ 1982; Abelson & diSessa, 1981 ; Papert, 1980) 
include enough exercises that can be implemented across all versions, that 
it seems appropriate to speak of a^ core LOGO that ought to be available to 
an instructional systems author to insert in specific systems. 

' ' ' • * • ' 

Thxs paper is not a study of the uses of systems but rather of their 

requiremients. For that reason, I have resisted providing illustrations of 

many LOGO features; However , two related aspects of the LOGO poroject's , 

work merit bri'ef. mention. ; First,-^t^ the turtle ;- In the early years 

of the LOGO project, there was -actually a physical turtle that could be 

moved around by LOGO command. 'Today, the ."turtle" is a dot on the screen 

that can' leave a track behind it. The turtle ; is an important way to make 

the function of a. program concrete and will no doubt continue to be a major 

resource for teaching children to use computers.. 

A very different tour de force, but one involving the "turtle; " has recently 
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been completed by Abelson and diSessa (1981 ) . They have built a geometry 
using the turtle's capabilities as the primitive operations. This procedu- 
ral geometry is powerful enough to provide * an xanderpinning for both everyday 
high school geometry and more sophisticated concepts, including the geomet- 
ric notions underlying relativity theory. Presumably, a basis for instruc- 
tional systems that use the turtle to teach aspects of mathematics that in- 
volve spatial concepts has been created by this work. This again illus- 
trates .the importance for future instructional system designers of l^eing 
able to embied something with the power of LOGO into their systems, iSuch 
...power wil^ need to be fully incorporated in such a way that tutor components 
can interadt with the student as programmer just as they interact with< the 
student as game-player. 

There is ^nother,^^ w^^ thinking about LOGO, In essence, LOGO is a simpli- 

fied form of LISP, LISP is the language that has emerged as the standard in 
artificial intelligence applications. This is because it provides an under- 
standable bridge between our most fxandamental knowledge of v^at computation 
is about and the kinds of problems and knowledge strictures . that constitute 
complex intelligent activity,. Thus, the future of LISP standardizatioh\and 
development ought to drive future LOGO development, what is needed in addi- 
tion is consideration of the course of cognitive development and^ of the 
school curriculum in order to specify the aspects of LISP that LOGO should 
include. The final step of developing simplified syntax for those needed 
capabilities is the easiest part of the chore, ' 

Parenthetically; I might add that ; ^a /^ rWcsnt meeting Mark Miller of 
Computer*Thought, Inc, siiiggested th^t LOGO might also be the authoring lan- 
guage used by instructional designers. By that, I suspect he meant that a 
subset of the best neW LISP environments might, with simplified syntax, be 
just the right language for- authoring. There remains the problem of provid- 
ing appropriate canned tools wj'.thin.\^ichever language is chosen, 

IV, C, 1, c. ; Smalltalk-. ■ : -'^y'^/\ ^./'r '-^/l/ 

Another language to be considered is Smalltalk, Actually, Smalltalk is 
presently found in rese^irch laboratories, most notably XEROX Palo Alto 
Research Center. However,- the Learning Rese^arch Group at XEROX PARC has 
used Smalltalk for a variety .of instructional ventures. Forthcoming books 
(Goldberg, Robson, & Ingalls,forthcoming-a,b) will provide more authorita- 
tive documentation , However, quite a bit has already been published that 
deals with Smalltalk (Althoff , 1981 ; Borning, -1979; Bowman & Plegal, 1981 ; 
Deutsch, 1981 ; - Goldberg, 1979, 1981 ; Goldberg & Robson, 1981 ; Goldberg & 
Rgss, 1981 ; -Gould & Pinzer, 1981 ; Mngalls, 1981 a,b; Kaehler, 1981 ;' Krasner, 
1981 ; Reenskaug, 1981 Robson, 1981; Tesler, 1981; XEROX Learning Research 
Group^ 1981 ), so it is reasonable to begin a public discussion of its fea- 
tures and th^ implications it has for computer-based instruction, 

LC^O was originally specif ied. as a language for teaching children about com- 
puters (or allowing them to iearn about computers). While such possibili- 
ties ran through .the minds of Smalltalk 'inventors, the emerging concern has. 
been with Smalltalk, as a. modern, tailor able " personal computer environment, 



in which the tailoring irjcrht be done partly by .^the end user and partly by 
special systems developers. Like LOGO, it treats procedures defined by the 
user as being of equal status (and invoked with the same syntax) as the com- 
mands that are built into the system at the "factory." The resulting system 
seen by a student, might be e3j:tremely specific, as in work done by Gould & 
Finzer (1981 ) with junior college students in a remedial algebra class. Or, 
it might be rather unconstrained but with specialized tools, as in a kit for 
graphic artists (Bowman & Flegail, 1981 ) . Or, it mi^t be completely general 
(as described ih Tesler, 1981). 

one way to get a quick sense of the nature of Smalltalk is to consider the 
design principles that David ingalls (1981a), one of its designers, has 
stated for it, from which I quote (the principles are interspersed through- 
out his article, separated by explanatory text which I omit). 

■ ' • .• ■ ■ • ' ' ^ • ^ . 

Personal Mystery ; if a system is to serve the creative 
spirit, it must be entirely comprehensible to a , single indivi- 
dual. ^ " 

Good Design ; A system should be built with a minimum set of 
unchangeable parts; those parts should be .as general as possi- 
bleY and, all. parts of the system should be held in a yniform ' 
framework. 

Scope : The design of a language for using computers must deal 
with internal models , external media, and the interaction 
between these in both the human and the computer. 
Objects ; ;A computer language should support the concepit of 
"object" and provide a uniform means for referring to the' ob- 
jects in its universe. 

Storaqte Management ; To be truly "obj ect-orien ted , " a computer 
system must provide automatic storage management [so the user 
doesn't have to program memory considerations into specif ic 
combinations of objects] • v 
Messages ; Computing should be viewed , as ah intrinsic capabi- 
lity of objects that can be linifornily invoked by sending mes- 
' sages'.- • . 

Uniform Metaphor ; A laniguage should be designed around - a 
powerful metaphor that can be unif 

Modularity ; No component in a cbmplex system should ^^d^ on 
the internal details of any other components ' ' . 

Classification ; A language mu^t provide a mekns ^ for classi- 
fying similar objects^ arid- for adding ne objects 
on equal footing with the Iceirnel classes of t^ 
. Polymorphism ;' A program should specify/ onlv^^^t^ of, 

- objects, not their .representation.. [That is, no request to an ^ 
object should depiend upon how the * object does the required .. \ . ■ 
task, only upon \^at is done.] / . 
Factoring : ; Each independent component in a system should 
/appear in only one place. - 7^ 

^: L everage ; ; When . a " sys tem is well f actor^sd , great leverage is - . . 
> y available to users and implementers. alike. - '.,.[ That is, they 
- :"\can concentrate their attention on Tthe specific new ideas they • .. 
: ' are adding to an existing baise.]^ ; ' . 
: ■ Virtual Machine ; A.; virtual . machine specif icatioh establishes . 



the framew of technology [by specifying 

eixactly the machine-dependent core of the system. Only that 
coreyneeds to be;"'r:eimplemented on each new machine..] 
Reacbive Principle : Every component accessible to the user 
should be able to present itself :in a meaningful way for ob- 

. servation and manipulation. 

Operating System : An operating system is a collection of. 
things- that don' t fit into a language [and/or don't follow the 

, reactive principle] . There shouldn't be one. 

Natural Selectio n: Languages ' and systems that are of ' sound 
design will persist, to be supplanted only by better ones. 

The best way to get a sense of thervalue of Smalltalk is to look at descrip- 
tions of interactions with it. Tesler (1981) has provided an extensive des- 
cription to v^ich the. reader is referred. One way to contrast Smalltalk 
with . other programming environments is; to examine the ways in which it exhi- . 
bits its various personnae to tfie user?. In ordinalry^systems, one can only 
talk to. the computer in one mode at a time. That; is, the computer only puts 
on one piersonna at a time. When a particular personna is active, no other 
personnae have any preserved context, information that would allow switching 
back and forth between them. 

This means that* the same string of characters . I^ped . on a keyboard can have 
different meaning ait different times. For example, a given string can be 
the name of a program to run, an instruction to the-program, or data on v/hich 
the program should operate." Also, it is generally difficult or impossible to 
step out of one frame of reference, do something else, and then return ■ to 
that frame without loss of'i^ome context information. One cannot, for exam- 
ple, stop examining the output of a program, look instead at a listing of it, 
or at the data it is processing , and then return to the midst of the pro- 
gram •sexecutioni Smalltalk (along with recent lajiguages for systems with 
"window" hardware) is set up to permit this. Also, Smalltalk depends heavily 
on menus as the means for avoiding the multiple mode ^ problem.' At any given 
point one chooses one of the available options from a menu rather than typing 
something v^iich' may or^ may not reflect the choice desired. 

Becaiase Smalltalk has been designed to be used in an exploratory programming 
mode^ it is particularly useful for certain; forms of student exploratory- ac- 
tivity. Thus we consider it alongside LOGO. It is not, as it stands/ very 
accessible to young children (Goldberg & Ross, 198T) , though with a<l-5?=id; pri- 
mitives it could become more useful.: Its utility lies in the followiii^g pro- 
perties ;r according to one of **its"^ designers (Tesler , 1981 , p. 98-100). 

1, The language is iiK)re : Concise^^^^^t^ most, so less time is ' ^ - 
• ■ ■ spent 'at-- the ■ieyboardv:-v''^^-'^-r--" ' ' r- 

2 . The text editor is simple,' modeless,^ and requires a. mini-- 
mum of : keystrokes. T ' " a 

■ ■ ;. : 3 . . The usiar - can : move around aTtiong programming, - compilihg, 
V. testing, and debugging ..adtivitXc:^^^^^ a but- 

ton • * ' . < ^ • ^ 



4, Any desired information about the program or its execution is 
accessible in seconds with minimum effort, V 

■ " . . • ■ ■ p , ' ' ; ' ' 

5, The compiler can translate and relink a single change into 
the environment in a few seconds (on XEROX's powerful ma- 
chines), so the time usually wasted waiting for recompila- 
tion after a small program modification is avoided, (This 

. o may not be true on smaller mabhines to which Smalltalk is 

exported.) ; ' 

One is left with great admiration and cove tousness after examining Small- 
talki However, it is important to note that many people have difficulty 
learning to program^ from scratch in the language even though usse of some of 
the resource kits that have been writ\:en for it is quite easy, in essence, 
while LOGO provides us with a. sense o£ how a* language can be simplified 
without losing power,. Smalltalk^jprovides a ^sense of some of the tools that 
ought to be included in future language systems. Research is needed to bet- 
ter specify which tools are needed and perhaps also the best approaches to 
the simplification process. 

iv.C.2: Replacing . "V/ef' Labs ' . ' 

An extremely important form of computer-based education is the virtual leib- 
oratory that provides a concrete set of experiences to enhance "book learn- 
ing," The traditional type of science lab can be expanded into the computer 
realm. Simply making lab „ experience less costly is an important contribu- 
tion of computer-based labs, but they do much more, or at^ least they can. I 
shall describe two laboratory programs that, between them/ illustrate some 
of the possibilities ^ 

The first is a product of colleagues, a mechanics simulation developed with- 
NSP and Nife sponsorship by Audrey Champagne , Leo Klopfer, James Pox, and 
Karl Scheuerman. One of their modules simulates the Atwood machine,' which 
consists of a block on a table which is connected by a rope to a bucket of 
sand. The bucket hangs over the edge of the table, with the rope " running 
from *the bucket, through a pulley, to the block. ;^he' bucket, is "held"^ u^ 
the simulation starts , ' then- it is released and falls to the floor , pulling 
the block. Such -a demonstration is not too complicated, and it could easily 
and cheaply be done in class. However, the computer allows things that are 
nQt otherwise possiblfe. 

For example-, there have been a number of de.monsti^atibns that students, even 
after a physics course,, often dd not understand the relationships between 
-f or^es~and-pbj eet— movements-5-— Vflvi-l 

celeration, students of ten associatiV a forca with velocity instead of 
acceleration . It ;would be nice if wbv; could-^ sliow stud<ents the vtorld as they 
think it works and compare that to: tlie^^wprld the way it . really works. This 
is impossible real demonstrations but straightforward with computer 

animation,- We simpLy make the block ..move at uniform speed, while the* liick»^t 
is falling if we want a naive view and let it accelerate as the bucket fa\:i.s 
if we want a Newtonian view, " - . 



Of course,; the problem:,- is deeper; students often fail to perceive accelera- 
tion when they see^ it, To overcome this; Champagne et al, used several 
techniques. In the animation, .the block clicked every time it moved a unit 
distance^, faster clicks meant faster movement, and the sound change vzas more 
perceptible. Graphs were also provided of displacement versus time. In 
addition, a trace could be left by the block on the table top every unit 
time :period; more distance between traced ^mc-vans faster, movement,. All of 
these methods were used vdth good effect. All represent improvements over 
th,e "real*' demonstration. . All operate well even if the teacher is a bit un- 
'sure , of the; relevant principles himself « 

A second example "is the ARITHMEKIT being developed by Brown, Burton, and 
others at XEROX Palo Alto Research Center, This laboratory environment is . 
still in preliminary form. It allows students to perform numerical computa- 
tions, such as addition and subtraction and to see parallel illustrations • " 
with Dienes blocks that correspond to their numerical manipulations. Like 
the best games, though, it has multiple levels of fiahction. For example, .: 
students can use advanced graphics facilities to assemble a "machine" that 
does adding or subtracting. They can connect the various digit locations in 
an arithmetic problem together with adders, carry devices, one-column sub- 
tracters, etc. This allows a more elaborated level of landers tanding of the 
meaning of adding and siib.trabting. Finally, though I haven't seen evidence 
of it yet, one can assume from their past work ^that the next level of com- 
plexity ^will be "machine"-building. tasks for the students (and perhaps their . 
teachers) in whicH^ they attempt to build working models that match the mis- . 
takes of other children. 

Again, the world ""qf , graphics that can be, manipulated with a joystick or 
"mouse" provides / fantastic opportunities for exploratory environments, 
whether we think" of these environments as laboratories or as game-like 
worlds, Howeyer', the design of such environments reqfui res solution of a 
number of fundamental problems of cognitive instructional theory. It is no 
abcident that^the work so. far- has been concentrated in a very small number 
of research centers that happen to haye concentrations of computer science , ' 
cognitive psychology, and ^instructional design specialists in close proxi- 
mity. Even in these few locations, the work proceeds at a very limited 
pace. The combination ,of equipmerit needs, other financial support require- 
ments, and the fact that existing funding is generally tied to somewhat tan- 
gential issues has hampered the rate of advances in this area, 

• : t ^ ■■ : ■• . ■ . . ■ . • - ■ 

■ • ^ ■ , . - a ■ •■ ^ ■ . - • ■ ■ -,- - . 

IV, D New Types Of Needs In Computer-based Instruction ■ 

There are a few additional considerations that arise simply because intelli- 

gentr-T:omput:eT^bia'aed^TOtruct±on~T:s'"~^^^ — ^ . . . . ,• ■ ■ -.. ■ /'"'r^ 

: o . There is the need to teach teachefs how to use new systems 
and what those systems can accomplish, • 

-\ . ^ . ' ^ . ' ' 

6 There is the need to convince a skeptical public, including 
.■ ... teachers^ that some of the novel formats being proposed are ■ 
' : ■ instructional ly sound,'^" After all, many people have little , : " -^S 

use -'for computer-based games v at all, much less in the 
-classroom. 
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o'i Because of the more complex set of objectives for some re- 
cent computer-based instruction, there is probably need for ' 
intelligent monitoring of student-program interaction to 
support? debugging and refinement, of instructionalxstrate- 
gies and tactics. ' "^^^ 

Each of these is discussed below, \ 



IV.D.I Teaching The Teacher 



Intelligent computer-based instruction is a means for doing vAiat has always 
gone on in" instruction. It is also a means for providing ins truction of a 
sort not previously possible. Each of these capabilities poses special pro- 
blems for the teacher, . . 

o ■ , ^- > * 

^In the case of systems that do vdi'at' has always been done, the teacher still 
faces a somewhat different task>- if for no other reason than the individual- 
ization of instruction that the computer permits. This puts-record keeping 
stresses on the teacher as well as the burden of learning how to operate the 
computer system, often, the burden is even greater. In current school sys- 
tems that face .declining enrollments coincident with shortages of teachers 
in certain subject matter. areas7\it is not \inusual for;, teachers to be as- 
signed classes in areas for vdiich t±iey do not have substantial subject- mat- 
ter training.. Often, a teacher in that position is perfectly able to follow 
the textbook and teacher manual but may not have the depth and automation of 
sjubject-matter knowledge needed to design individual progrsuns of instruction 
for different student needs. Thus, tliere will be some need for the teacher 
to receive an explanatioh and interpretation of the progress trajectories of 
various students through the curriculum,*^ 

When the computer is used to expand.: the instructional of ferings of a school 
system, the need to explain to the teacher what is' going on and what the 
student is learning is even more acute « Yet, the promise of , computer-based 
instruction of this type is particularly high. It >is hoped that gifted 
children will be able to take high school /courses ?in elementary school, 
sailors will be able to study dcxnains at sea even if no. human expert is 
available, etc , Such a facility would be quite useful. It will istil'l have 
to be monitored ' by a human who will want to know v^at the- student is being 
taught, 7 That human also ought to be able to get tailored explanations of 
the principles being taught so that he/she is in* a position to answer 
questions, advise on future courses of instruction and- ■ otherwise be the 
human professional v^o* leads the instructional process, .-.■■■■r-'r.'. 



There is .anot|her aspect to tfiis notion of teaching tHe teacfier, . 
computer-intensive* environments, our children will' learn- how, to 



By be'ing in 
use and get 



This V need is, not meant to reflect negatively on teacher skill , . Rath- 
er, it arises any ' time the computer is used as an expert to extend - the 
capabilities of a human. My realization of the importance of this require- 
ment ccmes frofn watching very expert physicians try to convince themselves 
that diagnoses ; provided by the MYCIN (S ho rtlif^fe, 1976) were; reasonable, \ 
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along with intelligent artifacts. This will be both £vtn and practically 
useful. Certainly; we their parents, teachers, and leaders should not be 
left. 'out of all this. It may be worthwhile, even essential, to have speci- 
fic prototype, efforts that aim at integrating teacher training into instruc- 
tional systems. 



IV,D,2 Convincing The Skeptic - 

A final . teacher need iS;. shared with parerfts, school ccmimittee members, and 
th^ lay public. This is the need to be convinced that activities on the 
computer, that look like idle fun are in fact ins true tionally important. 
Much of the current efforts of the best comj>uter-based instruction authors 
is going into the design of instructional games. Ideally, these games 
should have rele^vant motivational devices. That is, the- student should come 
to^ be motivated by the, acquisition of the target skills , However, in the 
early stages of learning a skill, the nature of the skill is not well enough 
understood by the student; and other motivational schemes may iSe necessary, 
in either case, it: may not be immediately apparent to an outsider watching* a 
game that important schooling is taking place, 

I believe th'a^ many instructional game systems will require an. intelligent 
commentator that can provide a skeptic with an account of the progress of a 
game-playing child in mastering skills via game playing and with an analysis 
of how a particular game . teaches a particular skill. This need is similar 
to that of the teacher as described above, but it will require focus on a 
different set of concerns and the. assumption of a lower level of specific 
teaching knowledge in the person requesting this ^^information. Laymen will 
have to be able to ask questions about the course of an individual student' s 
instruction and about the instructional strategies of the system- in 
general,"*"^-, .'■ "/■/.^ ■ ' ^ " • ■ ■ 



It is likely t^ objects ( semi-indepenlJent software 

modules) will fee the * most appropriate vehicles for providing this type of 
information. Such obj ects will have to be able to access the information 
created and used by the obj ects that actually provide the student interaction 
and hinting^ - They, should ^.h^ ^independent as possible of specir 

fic . subject; mat t^^ facilitate their transfer to new instructional 

systems, <; It is unlike ly^^^^ market forces will produce such a capability 

when there ^ are cheaper but more arti^ficial. ways of calming down parent con- 
cerns and of selling instructional products. However , an important govern- 
mental role is in raising -the sights and aspirations of the populace, some- 
%urng a well-publicized prototype venture in this area might do,' 

_ — — — --—7 : ^ 

'IV,D,3 Intelligent Monitoring And ProtocoX Gathering ^ - • r 

. OneV of the reasons, that programmed instruction has had only modest impact on 



^ Thi? . type of resource will also be of use in . providirigx support for 
.the individualiz.ed educational ..plans that jire mandated for gifted and dis- 
abled children. ' ' - ' 



schooling is that instructional systems designers rapidly abandoned tlieir 
initial ties ,to the psychological research that spawned, the field. As a 
result, a wonderful opportunity for this area of application to refresh and 
be refreshed by instructional researchers was limited. We should give care- 
ful consideration to possibilities for making new computer-based instruction 
efforts more amenable to development in concert with a continuous research 
process. The system developer will want to study patterns of interaction to 
determine whether the system is doing what he/she wants it to 'do. The 
researcher would like to gather protocols of the instructional process. In 
both cases; several constraints apply, - First, the terminal interaction 
trace is probably not sufficient. It-may be dif f icult-to-digest f om" (if 
substantial' graphics are involved and timing infprmation is also wanted ) 
More important, information about the decisions and assumptions of the sys- 
tem regarding . the student' s skill level' and the appropriate tutoring and 
lesson choices will be as necessary as the raw interaction protocols. Given 
the amount of information involved, there wili be need to organize and re- 
port it in summary form if it is to be seriously used on a rputine basis. 

This suggests the need for a "research assistant" object that collects pro- 
tocols of both the man-machine interaction and the underlying /'thinking ac- 
tivity" withirx the computer that was relevant to that interaction. Like any 
good assistant, such a mechanism will be mor^e valuable if it can prepare 
summarie's of the data so the user does not have to ivade through piles of 
information on multiple : time tracks by hand. Kits .should be conceived so 
that "research assistant" modules can be built into an instructional system 
as it is; being designed • Such kits are not likely ; tOb come from commercial 
. sources. ; 



V\0 ISSUES OP ARTISTRY AND/^CRAFTSMANSHIP jL 

So far, I have discussed specific instructional paradi9:ris and, to a lesser 
extent, theV basic psychological issues related to them * I wish to conclude 
with severai^xi suggestions concerning the kind of exemplary prototypes thfit 
should be : encouraged by' any ^^gr'knt competition. My concern is specifically 
with issues of craf tsmanshipithat may- themselves generate research. needs. 

7 ^ - . - 

One important concern is human-machine interaction. Initially, computers 
delivered instruction via teletype ^terminals. ' Communication was too slow, 
too verbal, and too dependent on typing skills. Today, there are^ modest im- 
provements in the personal machines used in schools . Displays are generated 
more quickly, and graphics are commonly available. However/ the student 
„ sJtil l^inpja ta^:^ a_a_ke y boa rd_^^ 

stick, vthe mouse, and -other spatial input devices ^hat can move a cursor 
quickly -around the screen need tc,- be exploited much rmore completely. Also, 
the underlying software to support such devices needs to be improved (e^g./ 
many programs can use a joystick, but the joys tick seems too hard to control; 
ther'e are software cured- for tJiiis problem) . Students should be able to as- 
semble many^ "responses by "pickin^g; up i)ieces" from the screen display and re— 
lir ranging them (Gertrude 'oS Secrets, and other Pies trup programs show that 
this can\be done on an Apple > though the programs could :^ use/ hietter joystick 
routines). . ^ ' . 'c 



Fundamental constraints are created by the reliance of many small computers 
on commecial television sets. Color television sets have very low resolu- 
tion. Perhaps 16 rows of 32.:characters each can be displayed with clarity. 
Thus, they are inadequate for many typeri: of displays that we will want. The 
low resolution results in poor charac;;e:c^ fonts in these systems' video dis- 
plays (no one would read this - paper if ' it were printed- in ' the type style 
used on an Apple II, for example) .An important research issue is the iden- 
tification of an appropriate new standard for instructional video displays. 
Maybe industry vrf.ll do this for us if appropriately stimulated, but the is- 
sue merits discussion in these meetings. - 

Even with improved graphics tools, we will^ M ed to set high standards of ar- 
tistry in using jbhem and will need tor foster the development of toc)l kits 
tha^t make it easy to design screen graphics. More generally, we will need 
to create authoring environments that are easy to use and that allow a da- 
signer to focus- on producing ; a coherent . functional design and not on how to 
cram new options into- an underpowered system that lacks appropriate runtime 
support software. 

V.A Maintainability And Extensibility ■•■u.— 

I am not an expert^, oh operating system design, so my final comments must be 
taken with skepticism. It seems to me that . a major ' longterm^ issue for in- 
structional-computing is software maintenance and extensibility.^ So far, 
the market forces in^ the personal machine world have favored treating soft- 
ware as a di sposable; pr oduct . L'^ba t : i s , the re :is_relatively little main- 
tenance or consulting ^^^available, .and n^ replace" older 
ones ra ther than building from the m.: The exceptions are in business soft- 
ware which tends to run on more expensive hardware configurations and tends 
to cost cibout ten times as much as instruc:tional' software. Is this the 
right way - to go? i :don/ t;^kiiow, but I could imagine a 'small amount of fund- 
ing Being spent on economic- technological aiialys is and forecasting to help 
answer the question school people: always ask me: Will I be able to -biiild on- 
to this system as new products appear? Right now, the answer is usually no; 
should it be? . ' - 
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A qualitatively new kind of computing machine (the 16-bit micro-computer) is 
coming on the market. It will be cheap enough to be bought by families, in- 
dividuals and schools. It is powerful enough to do things that are totally 
different from the simple activities of current classroom computers. These 
computers completely change the possibilities for us's of computers in the 
classroom. Furthermore, for two reasons they have a particularly great po- 
tential for impact on science education. ( 1 ) As I will discuss later, there 
is already relevant research that can support principled development of good 
science education on these machines, further research could provide an even 
more extensive basis for education development. (2) Education in science is 
particularly crucial to our ever more technological society. We cannot em- 
ploy more conventional steel and assembly-line workers. We do need (in the 
long run) more engineers, computer-programmers, and technical support peo- 
ple, all of whom need knowledge of science. Thus anything we do to improve 
markedly, our teaching of science is likely to have a large societal impact. 
The 16-bit micro-computer offers us a completely new opportunity. 

To realize the impact of these new machines, we need to figure out how to 
use effectively the computational power they will make available. The pur- 
pose of this paper is first to describe the new machines and v^at they can 
do, and then to outline a research agenda aimed at discovering enough about 
human learning in science that we can use the power of these machines to 
provide qualitatively better instruction. 
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1 . The New Machines 

There is a new generation of small computers. Like their predecessors (the 
current 8-bit micro-computers), they will be cheap. Carnegie-Mellon 
University plans, within five years, to use machines costing about $7,000 
each and one would expect them to be even cheaper within a few years. 
Unlike the current 8.-bit micro-computers, however, these machines are 
powerful. Probably anything you are currently doing on a "big" machine you 
could do on one of these. You could analyze data. You could edit and 
prepare manuscripts with graphics and special type fonts. 

Most importantly, these machines are sufficiently powerful that they can 
support what is called "artificial" intelligence. For the uninitiated, an 
artificial-intelligence computer program or "system" is a program that does 
things that we would ordinarily say require intelligence. For example, one 
existing artificial-intelligence system reads wire-service articles and con- 
structs coherent and correct summaries (Schank, 1980; Schank s Abelson, 
97,). Another diagnoses bacterial diseases, interpreting symptoms and 
laboratory results, identifying the mo^t likely responsible organisms, and 
using these results, together with other knowledge of the patient (e g 
TsZ"[LftTTs76'7 ^ ^"^""^ appropriate tr^.^'n't 

The text-understanding and medical-diagnosis programs are qualitatively dif- 
ferent from most familiar programs. Do not confuse them either with the 
mechanical programs that send you bank statements or with the simple 
routines that now support games and activities in the classroom. Indeed 
the potential impact of these new machines is great enough that we clearly 
must be careful not to use them in stupid or harmful ways. To reflect this 
qualitative difference, I will use the conventional term "artificial in- 
telligence" for modern, computationally powerful systems that do appreciably 
more than routinized activities. it is irrelevant whether philosophically 
these systems are "really" intelligent. They can do qualitatively more than 
any cheap machine we have ever seen. 

Machines like these have a tremendous potential for impact on education. 
Think about teaching English, for example, and imagine having in your class- 
room a machine that summarizes stories (including student stories) and asks 
or answers questions about them. A system that understands stories is 
further able to parse sentences, and so this system can give students feed- 
back on their grammar or on how difficult their sentences are to parse. 
Similarly, imagine senior medical students using a machine that can provide 
individual expert consultation to each student vAienever he wants it. 

As is evident from these examples, there are many artificially intelligent 
systems. what is new, and is the focus of this paper, is that machines 
capable o.t supporting artificial intelligence are becoming cheap. Thus 
your family and your school will soon buy machines that have the capability 
of doing tasks equivalent to consulting on medical diagnoses or summarizing 
newspaper stories. How can we use this power effectively to produce better 
education? 
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2. A Fantasy 



To explore this question, let me share with you my fantasy, set in about 
1992/ of how powerful computation might contribute to university-level 
physics and engineering. With this fantasy, 1^11 describe the kind of 
research that could make it a reality, including both current and possible 
future research. 

I imagine a student engaged in the primary task of science, trying to solve 
a problem, let us say a circuit problem. As he sits down at his computer to 
work, one available tool is a circuit "editor" that first allows him to con- 
struct circuit diagrams by connecting components drawn on his high-resolu- 
tion graphics .screen. This editor developed out of editors for computer 
languages (e.g., the GNOME system at Carnegie-Mellon University [Miller, 
1983]). Like the earlier computer-language editors, this circuit editor 
views circuits hierarchically. The student can work at any level in the 
hierarchy, and the editor keeps track of \^ere he is e,nd what components may 
appropriately be added. If the student indicates his circuit is complete, 
the editor may remind him of missing pieces. The editor handles not only 
construction circuit diagrams, but also applying ciircuit principles. Thus 
at any level in the hierarchy the student can apply a principle like 
"current in equals current out", or V = IR. The editor prevents inappro- 
priate applications, like V = IR to a battery or current in equals current 
out to an undefined syttem. 

The editor is itself a powerful instructional device for several reasons. 
First, its hierarchical structure is based on work by Riley (1983) suggest- 
ing that circuit problems are solved most easily when they are represented 
as embedded part-whole structures. Additional work (Unknown, 1992) has 
shown that users of any sort of editor tend to adopt autonomously the 
strategies of that editor. Thus, for example, users of the Bell- Lcibora- 
tories Writers' Workbench (Frase et al., 1981) avoid cumbersome written con- 
structions even \^en they are writing without the computer-based editor 
(Unknown, 1992). Thus my fantasy circuit editor actually helps students to 
learn to use effective strategies for thinking about circuits. 

Second, the circuit editor, like the early computer-language editors 
(Miller, 1983), drastically reduces the amoihnt of time required to learn to 
use circuit principles to solve problems. For example, an editor for PL1 
produced a reported decrease of 50% in the time required for students to 
complete the work of an introductory programming course . Subsequent re- 
search on this fascinating result (Unknown, 1992) showed the following rea- 
sons for it: (1) By keeping track of many details, the editor frees students 
to concentrate on and learn more effectively the important principles of 
programming. This result is related to earlier work (Reder & Anderson, 
1980) indicating that people learn summary material better if they are not 
also required to study supporting details. (2) The editor prevents wany 
silly mistakes that are enormously time consuming to correct. Even in 1982 
it was almost impossible to make a syntax error while programming with the 
GNOME editor. 

There was some initial concern that students might become depend^snt on the 
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editor and more prone to silly mistakes when working without it. in fact 
as shown by research cited earlier (Unknown. 1992), an editor that prevents 
silly mistakes is one of the most effective ways of learning to avoid them 
yourself. Also, of course, our view about the role of computer tools has 
evolved since the early 80' s. All professionals now use routinely computer 
tools, and we don't judge thair "dependency" on tools, but their scientific 
creativity using the best tools available. 

Research on novice problem solving begun in the 70 's (Larkin, McDermott, 
Simon, & Simon, 1980) indicates that for quantitative problems, novice 
solvers almost always start work with equations rather than with con- 
ceptual or "semantic" models of the situation. as expected, our fantasy 
student starts his problem solution by trying to write equations describing 
his circuit problem. Because the editor helps him to keep track of the 
various systems to which these equations apply, he is considerably mor^ 
effective than the ordinary student of the 80's (cf., Larkin & Reif, 1979, 
Larkin, 1983), and actually comes very close to solving the problem'. 
However, he is confused, some of the equations don't seem reasonable to 
him. 

considerable research (Unknown, 1992) has clarified and extended what good 
teachers have always known: it's very important that equations seem rea- 
sonable and have meaning. The reason is that without associated meaning, 
human beings quickly forget details and then reconstruct them incorrectly. 
Thus a student who doesn't understand why V = IR may well re^nember this 
equation as I = VR. This faulty reconstruction is related to the basic 
research by (Reder, 1982) suggesting that the primary form of memory is not 
recall, but reconstruction from related knowledge. Thus an equation 
learned without related knowledge is almost sure to be forgotten. 

HOW does one help students to learn equations or algorithms with meaning? 
Resnick (1981) began to work out the details of how children connect the 
place-value subtraction algorithm to a model involving visible objects. 
Children acted out subtraction using Dienes blocks (Dienes, I960), blocks 
that represent powers of 10 by single blocks, sticks comprising 10 single 
blocks, squares comprising 100 single blocks, etc. Acting out the algo- 
rithm while writing its results on paper dramatically improved the abili- 
ties of individual children to use the place-value subtraction algorithm, 
subsequent work (Unknown, 1992) both verified these results with larger 
groups of children, and specified more clearly the crucial features of this 
procedure for adding meaning to a mathematical algorithm. An experimental 
computer-based instructional system (Brown, 1983) provides an environment in 
which visual blocks and sticks are strongly connected to written subtraction 
notation. 

In the more advanced physical sciences, a series of research studies 
(Larkin, 1983; Chi, Feltovich, s Glaser, 1981; de Kleer & Brown, 1981; 
centner, 1980; Centner & Centner, 1982; Unknown, 1992) have quite com- 
pletely elucidated many of the meaningful problem representations that ex- 
perts use. Some of these have been programmed and are available to my fan- 
tasy student. Thus he can visually expand the wires in his circuit, and 
watch electrons flowing through the paths. He can deform the circuit 
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three-dimensionally so that the height of any part of the circuit indicates 
its electric potential. (Preliminary work as far back as 1979 [I^arkin & 
Reif, 1979; Larkin, 1983] suggested that these two representations greatly 
improved students' ability to solve simple circuit problems.) For more 
complex circuits, the student can see electric and magnetic field lines 
interacting around capacitors and inductors. More sophisticated students 
are likely to use more sophisticated causal models based on the work of de 
Kleer (1979). 

Thus the student has available . to him a powerfu3. simulation system that can 
show him, at varying levels of detail, what is happening in any circuit he 
constructs. The software concepts underlying this simulation were 
initially developed for the STEAMER project (Williams, Hollan & Stevens, 
1981) describing a nuclear steam plant and providing simulations and ex- 
planations of both global operation and detailed mechanisms of the under- 
lying processes. 

The visual effects in these simulations are impressive and important. On- 
going work by Kosslyn and his colleagues (Kosslyn, 1979; Unknown, 1992) has 
spelled out the exact characteristics that make visual displays most effec- 
tive. Kosslyn' s early work concerned effective design of charts and graphs 
(Kosslyn, 1979). More recently (Unknown, 1992) this work has expanded to 
define principles of effective visual design for a broad range of computer 
simulations. All of this work is based on Kosslyn' s developing model 
of the interaction between human's internal mental imagery and the external 
display. 

Having worked with these simulations, however, our fantasy student remains 
confused. He has always thought of electricity as coming in two varieties 
(+ and -). The + variety comes from the positive terminal of the battery 
and the - from the negative pole. He now understands the new representa- 
tions he has seen (electrons flowing in closed paths), but he is rightfully 
uneasy because his own old familiar intuitions now don't fit into this pic- 
ture at all. 

This phenomenon of "novice" models are identified and documented among many 
university-level students by many researchers (Lochhead, 1978; Cheunpagne, ^ 
Klopfer & Anderson, 1980; Trowbridge & McDermott, 1980; Trov*)ridge & 
McDermott, 1981 ) . Centner (1980, 1982) validated in the laboratory how 
certain novice models lead to characteristic errors in thinking about 
electricity, McCloskey and his colleagues related characteristic errors of 
thinking in mechanics to a set of underlying reasoning principles, 
subsequent research (Unknown,^ 1992) developed a full taxonomy of novice 
models in many sciences, and began to elucidate a theory to account for 
them. The early work on the origin of subtraction-algorithm "bugs" (Brown & 
Burton, 1978; Brown & Van Lehn, 1980) contributed fundamentally to this 
effort. 

Because of this research, our fantasy student can see on his screen simula- 
tions of how circuits work according to various common novice models. He 
soon finds his own, working pretty much as he had always thought. He's glad 
to find his views are sufficiently normal and common to appear in the com- 
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puter. He finds scrae diacussion and demonstration of evidence of his 
model's shortcomings. There are also a few tips describing errors that are 
common among people holding i-bis model, and that he might therefore watch 
out for, and a few associated practice problems. However, this part of the 
computer instructional system is far from satisfactory. As predicted by 
Champagne and her colleagues (Champagne, Klopfer s Anderson, 1980), helping 
students to revise their models is a difficult task, and further research is 
still needed. 

the discussion so far has presumed an exceptional fantasy student. He used 
appropriate simulations (rather than just equations — common among 
novices). He is aware of his "novice model" and has the enterprise to ex- 
plore it. Although students like this do exist, clearly we can't assume 
this level of learning expertise for all students (even future fantasy stu- 
dents). Therefore, the fantasy computer system includes a learning "coach" 
or "tutor". This coach is a direct descendant of earlier work specifying 
the rules used in good tutoring. Collins (1976) developed a set of rules 
used to generate the questions in an effective socratic tutoring session. 
Brown and others developed a coach for the arithmetic game called "How the 
west was won." This coach does not advise a player on every move, which 
would certainly destroy any pleasure in the game. Instead the coach uses 
strategies for deciding when and how much advice will be effective. Brown 
(1983) specifies directly guidelines for designing a computer-based coach. 

Brown and DeLoache (1978) contributed to computer-based coaches with their 
work on the mechanisms of effective study procedures (e.g., what kind of 
note taking is effective and why). Classroom studies starting with Centner 
S-Gentner (1982) began to show how to use these principles in classroom con- 
texts (Unknown, 1992). 

The early computer-coaching efforts were advanced considerably when they be- 
gan to make use (Unknown, 1992) of basic research on learning, in particular 
that of Anderson (1982). Anderson's learning theory is rich and 
comprehensive, applying to a variety of tasks including learning concepts 
and languages, and most recently learning geometry and computer programming. 
Modern computer-based coaches (Unknown, 1992) include an Anderson- like 
learning model that is constantly updated to match the performance of the 
student. Thus the computer coach has a rich picture of \*at the student 
does and does not know, and uses this picture to decide what kind of advice 
to offer. 

Today's computer coaches (Unknown, 1992) make use of two additional strands 
of research. First, there are several computer-based "expert-advice sys- 
tems" (Shortliffe, 1976; McDermott, 1982a; McDermott, 1982b; Duda, Hart, 
Barrett, Gashing, Konolige, Reboh, s Slocum, 1978). MYCIN, for example, 
provides consultation on the diagnosis and treatment of bacterial diseases 
(Shortliffe, 1976). These expert systems are based on a large collection of. 
rules, each reflecting a bit of expert knowledge. These rules are used both 
to generate advice and to provide an explanation of why that advice was 
offered. My fantasy students' computer coach uses an expert system like 
this, composed of rules based on research (Unknown, 1992) on "the knowledge 
of experts in electricity and electronics. Thus the computer system can 
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both give him expert advice on how to solve a problem and explain how that 
advice was determined. 

Finally, my fantasy computer coach uses the work of (Reif & -Heller, 1982f 
Heller & Reif, 1983) formulating problem-solving strategies that help stu- 
dents to work effectively, independent of how current experts perform the 
task. Their theoretical analyses were tested (Heller & Reif, 1983) by 
showing that students guided to use these strategies performed substantially 
more effectively than students without such guidance. Thus the fantasy 
coach incorporates the kind of guidance Reif and Heller gave to their stu- 
dents. 

in summary, in the fantasy we have pursued, the student does his problem 
solving using a powerful "editor" that both structures problems for him and 
helps him to learn structuring strategies. Much of his work involves run- 
ning circuit simulations that are carefully designed to connect relevant 
physics principles to meaningful representations, and to help him use these 
representations in solving problems. All of his activity is monitored by a 
computer "coach" that continually updates a model of the students' know- 
ledge, and offers advice when needed. The coach's advice is based on re- 
search on human experts, on expert computer systems, and on independent 
strategies for effective problem solving for students. 

3. A Research Agenda 

Throughout the preceding fantasy I have mentioned research, both current 
research and research that is still needed to make this fantasy a reality. 
In this section, I summarize this research, outlining the research we needed 
to extend in order to make creative use of powerful computers in the class- 
room. I divide this agenda into the following themes: (1) Human memory 
and reasoning; (2) Cognitive structure of science; (3) A rich theory of 
learning; (4) Computers as objects of science o 

3.1 Hviman Memory and Reasoning ^ 

To build programs that provide intelligent instruction, we need to know 
about the minds we are teaching. In this sense, all of cognitive psychology 
should be on our research agenda. However , the most needed research con- 
cerns how memory works and how people reason. For example, a study men- 
tioned earlier (Reder, 1982) shows that after time delays of 2 days, 
subjects' recall of a text is accounted for better by a model that says 
subjects reconstruct knowledge by considering what is plausible , and less 
well by a model that says subjects" simply recall stored facts. Thus when 
we want students to remember something, we must be profoundly concerned 
with making it plausible to them. 

At this time we know little about how to make information plausible or mean- 
ingful. Further basic memory research (like Reder 's) will help. In addi- 
tion, we need research on the kinds of meaningful representations experts 
use (cf., Chi, Feltovich, & Glaser, 1981; Larkin, 1983; de Kleer, 1979) and 
on how these representations can be conveyed to students (Resnick, 1981; 
Larkin, 1983; Brown, 1983). 
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Largely separate from studies of memory are studies about how people rea- 
son* There is a growing literature on "novice models" ~ the reasoning un- 
trained people do about scientific topics. For example, (Green, McCloskey, 
& Caramazza, 1980; McCloskey & Kohl, 1982) demonstrate that most untrained 
individuals have fairly well-defined "principles" that they use to predict 
the motion of objects, and that are totally different from the established 
Newtonian theory. Others (champagne, Klopfer & Anderson, 1980; Clement, 
1982; lochhead, 1978; Trowbridge & McDermott, 1980, 1981) have less formally 
established similar patterns of reasoning among college physics students. 
Understanding novice models is important in all sci-ance for the following 



reasons. 



First, students come to us using these novice reasoning patterns. if we 
fail to make contact with them in our teaching, students either don't under- 
stand us at all, or they experience science as a collection of rules totally 
separate from their own beliefs. I suspect that novice solvers' tendency to 
use equations almost exclusively may come from their experience that equa- 
tions never make sense (in terms of their novice sci^:ntific models) and 
therefore must be applied without any reference to a meaningful model of 
what is going on. 

Second, novice scientific models are very resistent to change (Champagne, 
Klopfer & Anderson, 1980; Lochhead, 1978). They are seen in students with 
one or more years of university-physics background and in students who have 
experienced programs carefully designed to help them remodel their novice 
conceptions. Thus novice science is not a problem of ihtroductory science, 
but a serious problem for all science teaching • 

Finally, there may be ways to use these powerfully entrenched novice models 
to help students acquire more' broadly correct scientific models. For exam- 
ple, Carbonell and I, with support from the ONR and ARI, are working to 
develop computer-based scientific reasoning systems that will use reasoning 
patterns that are naturally congenial to human beings, patterns that appear 
in these novice scientific models. One benefit we anticipate for this 
system is an ability to explafin scientific phenomena in terms that are 
readily understood. 



Powerful computers can support instructional systems that make use of exten- 
sive knowledge about how the human mind works — how it reasons, how it 
stores things in memory. To make use of this capability we need continuing 
research on how the mind works. 

3.2. Cognitive Structure of Science 

To use intelligent computers in teaching scjLence, we need to know how 
science is organized in the mind. in the past science educators have 
neglected this area of research. Experts have believed that their own intui- 
tion about how a discipline was structured was a sufficient basis for de- 
signing instruction. However, a large body of research, forcefully summari- 
zed by Nisbitt & Wilson (1977), indicates that people's intuition about 
their own knowledge and cognitive processes is often highly misleading. 
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People may beliave, for example, that they solve physics problems according 
to a certain strategy, whereas, when they are observed, the process is found. 
i-o be totally different. Thus as we think about designing more powerful 
methods of instruction; it is important that we base this instruction on 
good research into the way scientists actually think about science, rather 
than continuing to rely on our unreliable intuitions about these processes. 
The following three strands of research are relevant to this aim. 

There is a growing, but still very incomplete, body of literature on how ex- 
perts do science. Most of this work involves listening to the experts speak 
aloud as they perform various scientific tasks, and then developing 
computer-implemented models that account for the reasoning steps stated by 
the expert. For example, McDermott & Larkin (1978) developed a computer im- 
plemented model that simulated the behavior of a single expert solver on a 
group of five mechanics problems. In order to account for the expert's 
behavior, we had to postulate and develop in our computer- implemented model 
the following set of four separate representations for each problem: the 
original English language statement; a basic representation comprising the 
real objects in the problem (e.g., wheels and levers); a scientific repre- 
sentation comprising the important physics objects in the problem (e.g., 
forces, energies); a mathematical representation composed of equations based 
on the scientific representation.. Subsequent work (Larkin, 1983; Chi, 
Feltovich, S Glaser, 1981) suggests that perhaps the single major advantage 
that expert solvers have over novice solvers is the ability to construct 
"scientific" representations of problems. These representations involve 
special scientific objects (e.g., energies, momenta) that are understood 
only by people with special scientific training. These representations have 
special powerful properties for use in solving problems. The workings of 
such representations are somewhat elaborated by more recent work (Larkin, 
1983, 1982), but are not fully understood. 

A second type of research that helps to clarify the cognitive structure of 
science is the building of computer-implemented expert systems. As 
mentioned earlier these systems can, at least in limited domains, exhibit an 
expert 3evel of performance. Examples of such systems include the MYCIN 
medical diagnosis system (Shortliffe, 1976), and the PROSPECTOR system for 
locating mineral deposits (Duda, Hart, Barrett, Gashnig, Konolige, Reboh, & 
Slocum 1978). Often examining the knowledge structure of these systems 
provides some insight into how knowledge in the discipline could be or- 
ganized. Of course, knowledge organization in a computer system is not 
direct evidence that the same knowledge is organized that way for human 
experts. However, any knowledge organization capable of producing expert 
performance is probably worthy of our consideration as a structure on which 
to base instruction. , For example, the ISAAC system developed by Novak 
(1977) is a moderately expert system that solves problems about systems 
subjected to forces and torques. This system works with a set of "canonical 
frames". Every system is translated into a set of these frames. Thus, for 
example, the system knows that in this context a person is either a pivot or 
a weight. When the problem has been represented in terms of these standard 
canonical frames, then the physics knowledge of ISAAC develops equations. 
These processes parallel the processes observed m a human expert by 
McDermott & Larkin (1978). ISAAC starts with real objects (e.g., people) 
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of geocatry and coaputer programming (Anderson, 1982; Anderson, Farrell, & 
Sailers, 1983). The ACT learning model is based on a small nxamber of general 
learning • abilities that Anderson assumes are available to all human 
learners. For example, suppose an inference rule in the model initially ap- 
plies successfully to one situation, but then produces an inappropriate re- 
sult in a different situation. ACT then learns using the mechanism called 
discrimination. It adds to the rule's conditions for applicability a con- 
dition that discriminates between the two situations. Models of this kind 
may ultimately be sufficiently sophisticated that they could track the 
learning of a human student, and so provide the basis for the computer- 
implemented "coach" discussed earlier. 

3,4 The Computer as Scientific Object 

The preceding sections have discussed how to use powerful new 16-bit 
micro-computers for teaching the familiar scientific disciplines, mathema- 
tics, physics, chemistry, etc. We must not forget, however, that computers 
are in their own right important scientific objects. Indeed knowing some- 
thing about computers is probably not as important a general educational 
goal as knowing something about physics or chemistry. Since computer 
science is a totally new discipline, we know even less about teaching it 
effectively than we do about teaching the more established disciplines. 
Thus we must include on our research agenda some considerable support for 
research on the effective teaching of computer science. 

For example, we need to think out what aspects of computer science should 
be V '"^-t to what audiences. For most audiences, programming is probably 
not appropriate. But every person is likely at some time to need to inter- 
act with computers, and therefore should loiow at least v^at computers are 
and are not capable of doing. 

In addition, most people probably should have some exposure to computer 
tools, for example, the editors described earlier. Other examples include 
tools that analyze truss structures in the design of bridges, tools that 
present 3-dimensional graphic pictures of objects being designed (e.g., 
buildings or cars), and data base programs that retrieve and sort informa- 
tion from huge files of data (e.g., the U.S. census data base). Certainly 
at the university level, in any field that is information rich (e.g., his- 
tory, psychology, sociology) or computation rich (e.g., all engineering) a 
responsible educational program must introduce students to tools that are 
essential for his discipline. 

Finally, computer science, in a sophisticated sense, is itself a growing 
discipline. Just as some of us will continue to be concerned about the 
education of those few people we hope will become creative physicists, some 
new few of us should become concerned about the education of creative com- 
puter scientis ts . 
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Table 1 : Agenda of research needed to realize the potential of modern 
computation in science education. 

Human memory and reasoning 

What are the mental capabilities of our students? what are 
the general properties of mental functioning? what reason-^ 
ing patterns relevant to the teaching of science are exhibi- 
ted by beginners with no scientific training? 

Cognitive structure of science 

How are the scientific disciplines organized in the mind^ 
How do people effectively store scientific knowledge and 
access it for use? What strategies do they use in bringing 
knowledge to bear on problems? 

A rich theory of learning 

- Through what :mechanisms do people learn? How can these 
mechanisms be facilitated? 



Computers as objects of science 

What should we teach people about this important topic and 
how shall we teach them? 



4# Summary 

Table 1 summarizes my research agenda. m short, we need to think broadly. 
Science instruction of the future can be qualitatively different because L 
have a qualitatively different tool. But to realize this potential, ne^ 
to generate fundamental knowledge about the human mind, about the cognitive 
structure of science, and about how people learn. ognirive 
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THE ACQUISITION OF MATHEMATICAL KNOWLEDGE 



Robert B. Davis 
Curriculum Laboratory and Computer-Based 

Education Research Laboratory 
University of Illinois, Urbana/ Champaign 
Urbana, Illionois 61801 

It might seem that mathematics is the most sharply defined subject in the 
world, with the learning of mathematics running it a reasonably close 
second. It might seem that way... as long as we do not look carefully... 



I. The Emergence of the Alternative Paradigm. 

In the 1950's and 1960-s, when a significant number of people of first-rate 
intellectural power sought to improve the learning of science and mathema- 
tics, one obstacle impeding progress was a widely-held conceptualization of 
learning, and of knowledge, that did not do justice to reality. Put very 
"br iefly, witnin this v ie w "knowledge-^-was-measiared. by the selecting of cor- 
rect responses to a relatively small collection of questions. What was NOT 
considered was the analysis that led the student to make his choice, the 
thought processes or conceptualizations that led to the selection of any 
specific answer. 

The appeal of such an approach turned out to be surprisingly great, partly 
because of its great economic advantage, but also (perhaps even more so) 
because it offered intellectual simplicity. Critics of this approach were 
not lacking — indeed, the remarkable career of Jean Piaget grew out of his" 
conviction that IQ testing made a fundamental error v^en it focused on 
"right" vs. "wrong" answers, and ignored the reasons why people selected 
different answers. More recently, Krutetskii (among many others) has 
written sharply critical reviews of research based on answers and ignoring 
the processes that produced these answers. (Cf., e.g., Krutetskii, 1976.) 

Piaget' s precedent, and Krutetskii 's criticism, went without response in the 
United States for surprisingly long, but in recent years an alternative 
approach to the study of mathematical performance has emerged, v^iich has 
come to be called the "alternative paradigm." (Cf. Thompson, 1982.) It 
studies process as well as product , and relates observations to a postulated 
conceptualization of human information processing. Data is often obtained 
from task-based interviews? a student or expert is asked to solve a problem 
while one or more observers watch, and perhaps ask ' occasional questions 
(such as: "Would you always multiply there, or would you sometimes do some- 
thing else?", which can often detect conditional processes, such as "multi- 
ply A by B if C < D"; or questions such as "How did you decide VThat tp do 
first?" etc.). The postulated' conceptualizations owe much to artificial 
intelligence (or "complex information processing," to use the Pittsburgh 
name) and cognitive science. 
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II. What Is Mathematics? 



Unsurprisingly, a new view of how to study mathematical performance has 
paralleled the emergence of a new view of the nature of mathematic s itself, 
and also of new ways that mathematical knowledge is used in today's s'^^ii^. 
When most users of mathematics performed repetitive "Eiiks in a routine way 
It made sense to think of mathematics as _a specific , well -defined collection 
of explicit techniques, and to test skill in the~lpi^f ormance of these 
specific techniques. Nowadays, routine repetitive uses of mathematics are 
becoming less prominent — they can usually be automated advantageously — 
and less-routine performances are becoming more common. Mathematicians and 
physicists have always been concerned with non-routine mathematics. 
Nowadays, even office workers often are. The moment one employs machines — 
either calculators or computers — much of the routine work is removed from 
humans but non-routine demands increase: every new calculator or computer 
IS likely to introduce some element of novelty and the ability to deal 
effectively v^ith novelty becomes more important than the ability to deal 
effectively with repetition. Humans need to do what the machines do 



do. 



NOT 



It IS easy for those of us who a re close to mathematics ^ nA science to 
underestim^e what a profound change t h is implies f or those who ar^ nnt- 
1^:,, most; off ice workers, tradespeople, parents, and precollege 
teachers, mathematics is DEFINE D as a specific collectio n of explicit 
algorithms. They can think of mathematics in no other way. 

Even when curriculum modernization causes a high school teacher to enlarge 
the specific collection of techniques, the teacher will not actually change 
his/her epistemologic view: math will still be perceived as a fixed 
|ojjection of explicit algorithii;!: The adequacy or correct ness of this 
fundamental view is one of the basic questions in mathematics education 
today, we shall see it reflected in several ways in what follows. 

How else am one view mathematics? Those who are closer to mathematics 
typically see it as: 

A" open-ended collection of techniques. (You are free to 

devise new and better techniques v^enever you can, and 

this is seen as a REAL possibility.) 
(2) A complex bit of information processing that includes: 

i) Creating re presentatiojis for problems, " and 
representations for mathematical situations 
knowledge, etc. ' 

ii) Difficult tasks in selection and retrieval from 
memory. 

[e.g., Does the series 



2 n sin — 
n 

n = 1 



converge or diverge? How about 
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E k In (1 + ^ )? ] 
k= 1 ^ 

iii) Heuristics 
iv) Setting goals and sub-goals 
v) The use of meanings in constructing or reviewing 
algorithms 

vi) The use of non-algorithmic knowledge, such as principles , 
etc • 

Details: The preceding generalities about the nature of mathematics can be 
illustrated by some specific examples. Repres ations : Stephen Young has 
demonstrated how a mathematics problem may be easy if one representation is 
used, or very difficult if some other representation is used. It is well 
known that 



2 

e dx 



is a difficult problem in this form, but if is represented in polar 
coordinates, one easily finds that 




As Young shows, this phenomenon goes much deeper. Young uses this fact to 
develop a detailed explanation of why, on each of two recent PSAT tests, 
problems coded with wrong answers sneaked past the experts, only to be 
solved correctly (and confidently) by some neophytes [Young, 1982]. 

Indeed, Young goes even further, showing how the alternative representations 
can be built up from simple ingredients learned in everyday experience 
[idem]. An Qpen-Ended Collection of Algorithms . One instance of a student 
in-'enting a new algorithm was reported in [Barson, Cochran, and Davis, 
1970]; many others have been reported. Cf. Suzuki [1979], Kumar [1979], or 
the series of studies on addition carried out by Resnick and her colleagues 
[1978]. Any experienced mathematics teacher syn^pathetic to student 
originality will have seen many more. Heuristics : The importance of 
heuristics is generally well-known [cf ., e.g. , Polya 1965; Davis, 
Jockusch, and McKnight, 1978]. 

The willingness to use non-algorithmic knowledge has emerged as one of the 
differences between expert and novice performance. Cf . , for example, the 
following problem from a calculus book: 
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A rope with a ring in one end is looped over two pegs in a 
horizontal line. The free end, after being passed through the 
ring, has a weight suspended from it, so that the rope hangs 
taut. If the rope slips freely over the pegs and through the 
ring, the weight will descend as far as possible. Assume 
that the length of the rope is at least four times as great as 
the distance between the pegs, and that the configuration of 
the rope is symmetric with respect to the line of the vertical 
part of the rope. (The symmetry assumption can be justified 
on the grounds that the rope weight will take a rest position 
that minimizes the potential energy of the system.) Find the 
angle formed at the bottom of the loop. 

In task-based interviews, Davis [1983] found that two students in a class of 
22 saw this as a problem involving a principle — that the weight will des- 
cend as far as possible, or that its height will be a minimum ~ and were 
thus able to solve it, whereas other students tried (in vain) to recall a 
formula that would give the solution. (No explicit general formula exists, 
but the applicable principle_ is stated twice within the statement of the 
problem.) Beginning students are strongly disposed to view mathematics as a 
specific collection of formulas and algorithms, a phenomenon which needs to 
be understood better. it is true that these students have typically had 
teachers who viewed mathematics that way, but this fact does not establish 
cause and effect. Do students acquire this view from their teacher (which 
would be no mystery)? or is the algorithmic view so natural for beginners 
that the students have compelled their teachers to see (and teach) 
mathematics this way? (it is certain that many students are not easily 
induced to abandon the algorithmic approach. cf., e.g., Davis, Learnina 
preparation].) a persistent difference between nov ices and 
experts is the tendency of novices to see thair work as a sequence of small 
?o^o?' "l""^" neglecting well-known meaning [cf., e.g., Davis and McKnight, 
1979], whereas experts see larger "chunks," more often in the form of 
principles or of typical situations (or problem types). Clearly some of 
this difference is inevitable, but the observed differences often seem 
extreme, and may be the result of learning experiences that neglect larger 
patterns in favor of a sequence of smaller steps. [cf., e.g., Beberman 
19b8; see also Larkin, McDermott, Simon and Simon 1980]. 

III. Learning Mathematics 

A. Given the situation described above, it may be no exaggeration to say 
that a fundamental question of mathematics education is the following: 

Which should cane first, 

understanding or algorithms? 

Nearly every school program in the U.S. that has been carefully observed has 
focussed mainly on algorithms. To non-mathematicians, mathematics is algo- 
rithms. [Eg., "to divide fractions, invert and multiply."] Reportsire es- 
pecially numerous on addition and subtraction involving "borrowing" and 
"carrying." These topics are nearly always taught, and learned, primarily 
as rote. ^ 
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It does not have to be this way, Dienes* MAB blocks provide an excellent 
opportunity for students to get experience with place-value numerals. In 
the base ten version, the smallest block is called a unit, and is a cube 
approximately 1 cm. on an edge. Next larger is a "long", which can be 
thought of as 10 units lined up and glued together (although of course it is 
not manufactured that way). Next comes a "flat", ten longs placed side by 
side and glued together. The largest block can be thought of as ten flats, 
stacked up, and glued. Any decimal numeral not larger than 9,999 can thus 
be represented by an array of base- ten MAB blocks. There is a unique 
canonical representation if one observes the rule that "thou shall not have 
10 blocks of the same"; these representations are isomorphic to standard 
decimal numerals. But just as the canonical representation "64" in 



allows alternative representations 



64 
- 28 



' 2 8 



so, too, do arrays of blocks (if one allows violations of the "thou shall 
not..." rule) ~ in this case, 5 longs and 14 units. 

Many alternatives exist for the use of MAB blocks, and presumably some of 
these are more effective than others. But the underlying fundamental issue 
is: what different forms of learning result if a student first works with 
MAB blocks and "trading," or if he/she first works with numerals and 
procedures for operating with numerals? (It is^ known that many school 
programs using MAB blocks are ineffective, in that thinking in terms of 
blocks is not allowed — by the children — to ^intrude into their thinking 
about writing numerals on paper [Davis and McKnight, 19791 . This, of 
course, is no argument that other ways of using MAB blocks might not 
succeed.) [Lauren Resnick also has some data on this question. There are so 
many different ways of using MAB blocks that the giaestion is not easily 
settled. Present evidence seems to support the unsurprising result that the 
effectiveness of using MAB blocks depends upon how you use them.] 



B. Constructivism. 

Two themes have emerged so sjtrongly in mathematics education research that 
they have come to be regarded as a definite research posture, which has been 
given the name construe tivxsm . The first theme is the assumption that a new 
idea is built up by modifying or combining ideas that the learner already 
has . When stated that directly, the assumption sounds so familiar as not, to 
deserve comment. But, when taken as a serious; indication of how one can go 
about studying the knowledge in a student' & mind, the proposition has 
important implications, and is supported by a growing body of evidence. 
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mil Z t ^ . " ^^^P^"^ ^° ^^^^^ ^1-° the second 

the foundation on whic h this pyramid structure of "new ideas" is 

buxlt can Often be traced h ack to ideas that were lear ned early in Mf. . ^ 

matL/sT^ equiyalently, how does one study such 



In quite a few different ways. One can study language , for example as used 
in U.S. newspapers. One easily finds ins tan.?es where abstract or 
tvSTh.^ described as if they were tangible matters, of the 

"Sau^e he haT' '''''' °^ °f 

JTctll ^ Preyious conyictions for E«rjury, the jury gaye little 

weight to his testimony." "The burdens of the office seems to Jigh heayily 
on the president's shoulders." "He stuck fast to his contentions ^nd 

"he^^ines?. Ind^''"''*" "^f^^^"^"' "shifting", "refusing", "'"^eTgh?"! 

heayiness , and so on, are clearly the kind of thing that a child has 
experienced yery often in the first fiye or six years of life. 

one can study the role of metaphors in the representation of knowledge. How 
would people haye interpreted Rutherford scattering if they had lacked t^e 

I'rri^g^'Ll:: ""^'^'T '''''' ^^"^^^^ discussions ^of 

o^ encLsed .n'Jr p.'' "T/'^"''^^ ^ °" ^ container , room, 

or enclosed space ("...affairs outside of the marriage ..") , or Tr~a 

valuable product ("...to build a good marriage..."), or as a contract or 

agreement or job ("...not doing his/her share..."), or as one of 'a few ot her 

common metaphors), and Dedre Gentner has carried out a long sequence oJ 

fascinating studies on metaphors used to think about quantities or 

situations in physics and engineering. <Gentner, 1980A. 1980B; ^ntne" 

Chicago" T.t'^JrrT^T ^t^^""^- McNeill, of the University of 

Chicago, has videotaped mathematicians talking to one another. m one 
interview. Mathematician A is explaining something to Mathematician B (who 
Obviously has a strong general knowledge of the area in question). The 
earlier part of this interview establishes that A has some unconscious 
gestures. Whenever he says "inverse Umit" he rotates his right wrist as if 
he were screwing in a screw. whenever he says "direct limit" he extends his 
right hand outward, somewhat like a salute (or perhaps someone TaucMng a 
pigeon into flxght) . What makes this interview especially interesting is 

°' interview. Mathematician a makes several 

slips of the tongue, saying "inverse limit" when he means "direct limiT" or 

Tr^ctior. " ^ acknowledges' th^ 

However, in every case ^^ere the wrong phrase was uttered, the correct 
unconscious gesture was employed (so th^^T^n these cases, the ^sffS 
pronounced did not match the gesture used). pnrase 

Clearly, A- s internal information processing is using some representational 
system different from his words, and only in a last stage ^s Se 

"output" pr^duci."""''^^^ '^"^"^^^ statements as a^ 
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More direct evidence for this same conclusion has been reported by Marshall 
(1982), Marshall and Newcombe (1966), and Newcombe and Marshall (1980), in 
cases of patients with brain lesions that blocked the cannmnication vathin 
the brain. For some of these patients, internal processing vsas unimpaired, 
but communications between some language functions were blocked, making it 
possible to get a more direct view of how the internal processing itself was 
carried out, [For example, in one form of disorder, patients read the 
printed symbol 

glad 

as "happy", believing that they had read it correctly. Clearly, no 
reasonable theory of phonics or direct visual-acoustic associations could 
explain this. The printed symbol "glad" must have been translated into some 
internal mental symbol, \^ich was in turn translated into the oral response 
"happy".] 

The fundamental role of representations drawn from early experience — even 
when one is dealing with extremely abstract and complex matters — is not 
really mysterious. If you wanted to explain "one-to-one correspondence" to 
someone who watS not a mathematician, how would you do it? How would you 
explain continuity of a function y = f(x)? How would you explain the 
addition of e.m.f.'s when batteries are connected in series? i 

On the other hand, the constructivist view of mathematics is^ something new - 
at least to most people. For one thing, the prominence of metaphors has, 
in the past, often been regarded a a convenience employed in interpersonal 
communication. The constructivist sees it as something far more basic — 
these "primitive" metaphors are essential parts of one's internal 
representations of abstract ideas — they aren't just "communication," they 
are how you yourself think about these things. [Cf., e.g., Lakoff, 1982.] 
When you think, you think metaphorically! 

Why is this important? Partly because schools do NOT usually view mathe- 
matics this way, and do not teach it this way. Ginsburg (1977) has noted 
the discrepancy between the way children think about mathematics on their 
own, c\nd the way they dc in school (because of the schc-:l's expectations). 
Underlying this discrepancy is the gap between the school's view of 
mathematics as verbal and algorithmic knowledge, and the reality of mental 
representations building upon earlier non-verbal representations within a 
child's mind (or an adult's, for that matter). 

Kieren, Nelson, and Smith [to appear] report the performances of some 
seventh and eighth graders on fractions concepts in non-notational settings, 
where they are able to use their "primitive" representations . One 
eighth-grade girl, asked to divide four rectangles ("candy bars") equally 
among three people, allocated them as in Figure 1. , 




That is to say, she gave each person one v^ole "candy bar". One bar was 
thus left over. She respected the indicated division into fourths: she 
gave one quarter to each person. One quarter was now left over. 

She continued this process, always dividing the "left-over" portion into 
fourths, giving one to each person, and having one left over. 

In effect, she determined that 

4 + 3 = 1. 1 1 1 1. . . (base 4 numeral). 

This student could not have dealt with this within conventional abstract 
notations, but in a setting v^here all of her "real world" knowledge (about 
dividing into halves, or halves of halves, etc.) could he brought into play, 
she was well able to solve the problem, showing an unexpected level of 
ingenuity. (Admittedly, if she had divided a remaining piece into thirds 
she could have made the process terminate.) 

Lave et al. ^in press) report the contrast between the unsuccessful efforts 
of some adults to solve some mathematics problems in paper-and-pencil 
settings, vs. their success with similar problems in concrete settings in 
supermarkets, in their own kitchens, etc. [One man's diet called for him to 
eat three-fourths of the cottage cheese in a cup that was two- thirds full. 
He spread out some wax paper, arranged the cottage cheese on it as a disc, 
marked two perpendicular radii — thus getting fourths — - and took three of 
them.] 

This pattern shows itself time and time again — students (or adults) who 
are creative, resourceful problem solvers in familiar situations, but who 
are, unable to carry this resourcefulness into "abstract" mathematical 
situations, even though the problem structure may be essentially the same in 
both.cAses. 

we would argue that the task of an effective educational program is to 
establish problems and resourceful problem-solving at some appropriate 
level, which (for some students) may be as concrete as these examples, and 
then t o carry these problems and this resourcefulness along a developmental 
path into — ultimately — conventional notations ^ ' ^ 

Schools — and, all too often, nowadays, university freshman bourses — 
usually fail to do this. | 

To :';e sure, a mathematician can deal with the definition of, say, the limit 
of a sequence in the form: 

The number L is the limit of the sequence 



a^, a^, a^, 



if, given any e > 0, there exists an 
integer N such that 



n>N^|a - L|<e 



However, this same mathematician will often think of this concept in terms 
of something closer to Figure 2, 



L + e 



L - e 




Figure 2 



In Figure 2 we again see the prominent role of such simple, early ideas as 
"nearness" and "there is" ("there exists") and "if you go far enough". The 
combined effect is sophisticated and powerful — but the constituent 
building blocks are very simple ideas, which must be carefully assembled and 
carefully juxtaposed. 

But of course the main point is that the successful mathematician has, with 
great effort, built up a conceptual structure from "primitive" ideas about 
magnitude, measurement, nearness, distance, through an elaborate structure 
of coordinates, truth values, implication, indirect proofs, etc., until he 
or she can deal effectively with statements about the "existence" of some 
unspecified integer of wholly-undetermined magnitude. (How large is that N, 
anyhow? ) 

Today's educational programs typically fail to promote this development in 
most students, (Freshman college calculus and physics courses — as 
actually taught — are not entirely exempt from this criticism!) 

This situation helps to explain both some of the success, and some cj. the 
failures of the "new math" programs of the 1950's and 1960's. The best of 
these programs did begin with such concrete experiential knowledge that 
virtually every child could deal with them — and children did learn this 
material well when it was taught by, say, a David Page, \^o used this 
strategy consistently. This conception of knowledge and this approach to 
teaching were, however, so foreign to the conventional wisdom of schools 
that the method could not be used in most schools, nor by most 
teachers 

The reader can observe directly how very simple ideas such as distance, 
symmetry, interchanging A with B (well-known to young children in their 

The Page approach or something recognizably akin to it -- has been 
advocated by Polya ( 1 965 ) and used by Bertrand Russell ( 1 958 ) , among 
others,. It has been discussed elegantly by Papert (1980), Minsky 
(1980), Lawler (1982), and others. 
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spontaneous play), and so on, are .employed in thinking about abstract mat- 
ters. Consider the fraction y = f(x) defined by 



1 + X 

This has the weird property of being its own inverse: 

y = ^ - y 

1 + X 1 + y 

What are the necessary and sufficient condJ.tions for this to occur ex- 
pressed geometrically? Expressed algebraically? ' 

What basic ideas did you use in thinking at.out this problem? Even thouqh 
they may have been expressed by sophisticated representations, if you trace 
them back to the previous "foundation" ideas tlvey were built on, and trace 
^ho^e ideas back to vAat thejr vrere built on... and so on... you find a foun- 
dation m the experiences of a child who may be 3 or 4 years old. 

Interchanging X and y to turn f (x,y) /= 0 into f (y,x) = o is recognizably 
based on such simple ideas as interchanging two blocks of the sort that 
children play with. The remainder of this discussion is left as an exercise 
for the reader. 

An elegant description of this phenomenon of building complex ideas on a 
foundation of simpler ideas is given in Papert's Mindstorms (1980), v^ere he 
describes how when young, he was given a set of gears which he studied 
deeply for a long time. The ideas gained from concrete experiences with the 
gears later provided a foundation fcr sophisticated ideas about equations, 
causality, ratios, and so on. 

Lawler (1982) has studied both cause and effect in his careful observations of 
his own children. m particular, in working with a computer (using the LOGO 
language), his young son Robbie learned the value of studying a new situation by 
systematically stepping one controllable variable. Subsequently, in a wholly 
new setting (cutting paper loops to study the resulting configurations), Robbie 
made effective use of this same method of stepping (incrementing) one variable 
at a time, 

SUMMARY, in my view there is compelling evidence that the key ideas of 
mathematics are NOT e xpressed in natural language while thev are beinq 
processed withm the human mind . These ideas are often converted to natural 
language for output purposes, just as some computers in Saudi Arabia present 
outputs m Arabic, although a program entered into the machine in Arabic 
will be converted by the machine to English (and BASIC, APL, etc.), thence to 
machine language, processed, output in English, and (in some cases) converted 
into Arabic listings for the convenience of Arabic-speaking programmers. 

This is important for a variety of reasons, including these: 
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1) Today's school programs are overwhelmingly verbal, natural-language 
affairs. The basic, experiential concepts may fail to be developed in many 
students* 

2) CAI may make matters worse, since it so readily lends itself to 
precisely this abuse, ("That CAI ^ich is most easily written, should NOT 
be," A new Murphy- type Iciw proposed by Jerry Johnson (1982).) 

3) someday someone needs to take a new look at courses in physics, 
chemistry, calculus, etc., as typically taught in high schools, community 
colleges, and freshman university courses. The "mathematical" content — 
formulas, mainly — appears to be very great, including formulas from 
special relativity and from quantum mechanics — but this content is 
presented unrelated to the ideas of physics and chemistry. The 
sophisticated content of PSSC has been seized upon as a precedent to be 
emulated, but the ripple tanks and racing cars and rotating platforms have 
been left out. 

[We observed some students- trying to solve this 
problem (from p. 815 of Halliday and Resnick): 

15. (a) What is the separation in energy between 
the lowest two energy levels for a container 20 cm, 
on a side containing argon atoms? (b) How does this 
compare with the thermal energy of the argon atoms 
at 300K? (c) At temperature does the thermal 

energy equal the spacing between these two energy 
levels? ^ 

The students treated this as a hunt for the correct 
formula, and showed little knowledge of, or interest 
in, the actual physics of the situation..! 

A main message of PSSC, David Page's project, and so on, has been lost; the 
need for the gradual experiential development of OONCEPTUAL and INFORMATION- 
PROCESSING foundations, often by NON-VERBAL means . 

It seems that one of the great strengths of humans has contributed to one of 
the great weaknesses of educational programs; humans can often sound as if 
they know \^at they are talking about, ^Axen in fact they do not. 

C. Principles of Instruction 

On another matter, one of the great strengths of the CXirriculum Improvement 
movement has nearly been lost; the use of a different set of principles of 
instruction . No compilations or analyses of this seem to have been made 
(with the exceptions of Howson, et al.,(1981) and Hpvden (1982)), but it may 
be appropriate here to acknowledge their exist.-.:; and to present one 
example; 

What Do You Want Students to Learn? (The "Tool" Principle.) 

A principle used by some "new math" projects was sometimes called the tool 
principle; every mathematical concept or technique or strategy or algorithm 
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shoul d be seen as a TOOL to accomplish some worthwhile goal . Typical school 
programs, then and now, make Uttle or no use of this principle. The 
sin (f may be defined as "the opposite side over the hypotenuse" (or in 
other, more circumlocutious, ways), but this does NOT appear as an answer to 
a recognized need, when one follows the "tool" approach, it does. "The need 
may be to determine the height of a flagpole in the school yard, the~;i^r 
(or, more Ukely, the tan pf or the cot (?) can then be concocted as a tool 
for solving this problem. This is not artificial, it is true to the nature 
of mathematics. Every piece of mathematics is created as the response to a 
sensible challenge, and students should see it that way. Few do. 

The contrast can be seen clearly in the treatment of the field axioms as a 
foundation for algebraic operations. One "new math" project presented this 
use via a sequence of activities, each sharply targeted at a specific 
learning goal. One activity was a game where, from two sentences, students 
were asked to infer a third; this activity was intended to provide an 
experiential basis for the idea that some collections of statements can 
im£ly others. Another activity was the use of the word puzzles found in 
newspaper puzzle sections: Start with, say. 



and end up with 



SOUP 
NUTS. 



At every line you must have a legitimate English word, and to get from one 
step to the next, you may make a change at only one place in the string of 
leters — the last letter, say, might be changed from a "P"- to an "R", while 
the first, second, and third letters remain unchanged. This activity is 
intended to provide an experiential foundation for the idea of changing a 
symbol string according to precisely specified "legal" rules, what is legal 
is specified with considerable precision, but the strategic choice s of^^ 
would be useful (would move toward the goal) is left as a creative planning 
task for the student. a third task combines these first two ideas, bv 
starting with, say, ' ^ 

A + (B X C) = A + (B X C) 

and deriving 

(C X B) + A = A + (B X C) , 

by explicit, careful use of the commutative laws. This treatment follows 
(more or less, anyhow) the tool requirement. A problem is to be dealt with • 
and a certain method (or concept, or technique, etc.) is used to deal with 
"^h® thing to be learned is presented in so clear a form that it 
more-or-less has to be learned. 

By contrast, typical treatments of this same topic, as observed in some U.S. 
schools in the fall of 1982, violate the tool principle. They are vague in 
their specification of what students should learn, and the learning 



i2q123 



activities allow for the learning of undesirable or incorrect "knowledge," 
A typical example asks for the solution of the equation 

0 = 7m + 4 - 3m 

by using (a modified set of) the field axioms. This problem confuses many 
goals. If the goal is to find a replacement for the va.riable m that will 
produce ~true statement, one does NOT need the field axioms. Indeed, most 
students can guess , or use trial and error, or use analogical reasoning, or 
graph y=7m+4~3m. Hence, students typically learn that the axioms are an 
unnecessary complication of an otherwise simple task. This is NOT one of 
the things we want students to learn about mathematics. 

Even worse, the details of this problem are so complex, and both teachers 
and students have so much informal knowledge (and so little familiarity with 
the axioms), that it becomes difficult to say v^ether one did, or did not, 
follow the rules correctly. For example, if you decided that you need to 
use the associative law for addition , then you must turn the "subtraction" 
into an addition: 

0 = 7m + 4 + [° (3m)] , 

where °(3m) denotes the additive inverse of 3m, But how does one construct 
the additive inverse of a product? In recent observations, both teachers 
and students merely replaced "3" with "-3". What axic«ns or theorems were 
used to justify this? (In this case in question, none were; the matter was 
ignored.) Thus, instead of learning a careful use of precise rules, the 
student was learning a careless accommodation to a set of ill-defined 
rationalizations which were, in any event, perceived as merely gratuitous 
obstacles of the sort that give meaning to the word "academic," Is this 
what axioms are? 

Further, whereas ingenuity in recognizing goals, setting sub-goals, and 
devising strategies to achieve these sub-goals should be one of the main 
skills to be learned, it was virtually absent from the lessons in question. 
The students were merely told "automatic" algorithmic procedures for solving 
equations of this type. 

The careful and appropriate specification of desired learning outcomes has 
proved to be a very troublesome matter. Frequently (as we would argue was 
the case. in the "solution" of 0=7m+4-3m) these goals are very poorly chosen, 
not aimed sharply at major mathematical ideas. Testing to determine what 
has been learned shows this same flaw. The attempt a decade or so earlier 
to use explicit written specification in the form of so-called behavioral 
objectives was a disaster, because it focused on minute matters instead of 
large ones, it emphasized the explicit and ignored the elusive, it dealt 
with behaviors when it should have dealt with ideas (or "products" v^en it 
should have dealt with "processes"), and it fostered the illusion that a 
curriculum in, say, calculus could be designed and implemented by people v*io 
did not themselves understand calculus. 
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SomeftD^, this unhappy history must be seen as informing us of weaknesser^ in 
some of our common research paradigms. care in research is supposed to 
protect us from error, but evidently it does not always do so. 
Self -consistent systems can be created and operated v^ile the reality they 
are supposed to deal with leaks out through cracks in the basic 
conceptualization, 

SUMMARY: It may be desirable to pay more attention to the various 
"principles," v^ether implicit or explicit, that play a role in shaping 
learning experiences, and in determining what the student actually learns. 



D, Some Typical Research Results, 

in this section we summarize, very briefly, eleven themes from recent 
research results: 

1 . A very large number of students can learn considerably more mathematics 
than they typically do at present. (Johntz (1975); Kaufman (1964); Swinton, 
et al. (1978); Davis, Jockusch, and McKnight (1978); Dilworth (1973); and 
others. 

2. The discrepancy is particularly pronounced in the case of 
mathematically-gifted students (Julian Stanley and his colleagues (1977); 
Kaufman (1964); Suzuki (1979); Kumar (1979); and others). 

3« At the same time, there is bad news as well as good. Many students are 
in fact learning far less than they are believed to be learning. For 
example, Clement studies students \^o were believed to have successfully 
completed 9th grade algebra, the study of quadratic equations and 
simultaneous linear equations and conic sections and even more, but who 
could not answer correctly the questions: 



certain college there are 6 students for every professor. 
Write an equation to express this fact, using P for *the number of 
professors, and S for the number of students. 

The common wrong answer, of course, was 

6S =.P, 

The error was not a casual "slip of the pen," on the contrary, students 
making this error were convinced that they were actually correct, and 
vigorously resisted efforts to change their minds on the matter, [Rosnick 
and Clement, (1980) Davis (1980),] DiSessa reports on students Who have 
"successfully" completed a year of college physics, but for \^om dynamics is 
really still Aristotle's dynamics, not Newton's (1982), Burt Green and^ his 
colleagues report the same phenomenon [McCloskey et al., 1980]. [Note that 
the "bad news" in (3) does not contradict the promise of (1) and (2).] 

4. Mathematics is riore diversified than most parents and teachers assume. 
In particular, it is NOT merely a collection of memorized algorithms. 
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5. Students in many curricula are seriously deficient in understanding \^at 
they are doing (see, e,g,, Alderman et al. ( 1979) ) • 

6. Careful analysis of. errors can give important information about thought 
processes, and can guide remediation efforts (VanLehn 1982; Matz 1980; 
Erlwanger 1973; Davis 1980). 

7. Generally speaking, more effective mathematics instruction is based upon 
creating an experiential foundation and building carefullv upon 
already-established ideas [Papert 1980; waiter 1968; Kieran, et al,.. to 
appear; Lawler, 1982; Ginsburg, 1977; Lave (in press); and others,] 

8. Computers can play a role in the preceding matters, sometimes in 
desirable ways, sometimes in undesirable ways, (Papert 1980; Lawler, 1982; 
Alderman et al. 1979; Swinton et al. 1978; and others,) 

9. It is advantageous, if not essential, to provide an active role for the 
learner. 

10. What can be taught within a school classroom is constrained by: 

(i) the teacher's knowledge 
(ii) the teacher's personal values or personal philosophy 
(iii) the use of the curriculum as a tool to maintain social control 

within the classroom social situation, 
[We shall return to this topic in a later section,] 

11. Recent ETS reports indicate that minority students are "closing the 
gap," at least as measured by PSAT scores. 

Reports from the center for the Study of Reading (Richard Anderson) indicate 
a situation in reading that seems to parallel the situation in mathematics .» 
Too much attention paid by the school to the mechanics of "calling out 
words" appears to hamper the growth of real power in reading (which means, 
of course, primarily comprehension), 

IV, Do You Need A Theory? 

Not only does the "alternative paradigm" in mathematics education research 
use task-based interviews, error analysis, etc, to get information about 
student thought processes, it also tries to develop, from postulated 
foundations, a theoretical conceptualization of these thought processes , 

IS this necessary? 

Looking at the history of physics, chemistry, and biology suggests that it 
is, HOW far could chemistry have developed if it had dealt only with 
more-or-less directly measurable quantities, such as combining ratios, 
densities, pH, etc? The periodic table, and electron layer explanations of 
the periodicity, etc,, played an essential role without which modern 
chemistry could not have been created, [Cf,, especially Matz (1980); Minsky 
and Papert (1972); Minsky (1975); VanLehn (1982); Minsky (1980); Davis 
(1983),] 
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V. Schools 



Any consideration of what mathematics is, and how people can (or should) 
learn it, must sooner or later come face to face with certain attributes of 
schools (although several present-day writers believe that, in the future, 
more mathematics will be learned outside of school than inside). 

Some recent observational studies of some schools in Illinois emphasize four 
points, none encouraging: 

1. Schools continue to be "wordy" places. There is a great deal of talk. 
It seems to be assumed, implicitly, that knowledge can be transmi tted~to 
people by telling them things in natural- language formulations; 

2. What can be taught is presumably limited by a teacher's own knowledge of 
the content, within mathematics and science this poses severe problems; 

3. What can be taught is limited by the personal values and personal 
philosophy of the teacher (and the expectations of the school). One 
teacher, preparing for a mathematics lesson, remarked to the observers: 
"Never set out without knowing exactly where you're going!" 

How do you reconcile this with Alexander Fleming's remark: "The job of a 
scientist is to look at something that a thousand people have looked at, and 
see something that no one ever saw before"? it is no wonder that "discovery 
learning" and laboratory exploration encountered opposition in schools". 
They represent direct challenges to the personal values of many teachers. 

4. Finally, as Karplus and many others have pointed out, for many schools 
the prime role of the curriculum is to provide a tool whereby the teacher 
can maintain social control in the classroom. This surely explains some of 
the popularity of workbooks and written exercises, and the unpopularity of 
discussion sessions. Students can be kept orderly while they are answering 
routine questions, perhaps on paper. when they are asked to work together 
to think through some perplexing matters of some subtleties, they are not so 
easily controlled, (cf., e.g., Cusick, 1973; Cusick et al., 1976.) 

It is NOT an inevitable attribute of all schools ~ we have found some 
exceptions — but it is the common rule in most. (oettinger's Run, 
computer. Run deals with this briefly — e.g., "No one is an individuaFTn 
the language lab!" So does Silbenaan's Crisis in the Classroom .) 
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Introduction 

A teacher's view of the potential that information technology has for 
improving teaching and learning grows out of classroom experience. Almost 
all teachers understand both the possibilities for use of the new equipment 
and the practicalities involved. They realistically appraise the problems 
associated with using new systems and their ability to overcome these 
problems. 

The opportunity that technology offers education is as real as the burden 
educators bear if they take that opportunity. The challenge is to develop 
the methods that will allow teachers to take advantage of technical progress 
within the limits of their time, training, and the reality of the classroom 
environment. 
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Today, new technology can be applied to improve curricula in over a dozen 
ways. We must overcome the problems to fully realize the educational bene- 
fits for teachers and students alike. Research is the key to those bene- 
fits. 



Areas of Opportunity and Challenge 
1 • Teacher Training 

At a time when having talented teachers of science and mathematics is essen- 
tial, the nation faces a crisis. The qxiick solution — attracting talented 
students to teaching careers — is difficult in the face of low starting 
salaries, attractive offers from industry, and the disfavor with which some 
view university education programs. 

An alternative solution lies in in-service teacher training; however, the 
building consensus nationwide is that the current status of in-service 
training is unacceptable and that major changes are needed to upgrade the 
system. Interestingly, new technology may be an important part of that 
solution; in fact, it may have a unique role to play in teaoher training. 
This technology must be both the svibject and method of in-service training. 
The new capabilities of computer, video, and communication systems offer a 
potential which must be tested in the schools and with teachers. 



A Teacher's View 

Already industry has been able to justify the expense associated with 
methods of instruction involving new technology. It would be a sad state- 
ment on the nation's priorities if the companies ^ich sell computers and 
securities can justify instructional investments for their employees but 
education cannot justify the expense to train teachers. In view of the ex- 
pense, it is not clear that the private marketplace can undertake an ambi- 
tious program to prepare materials for training teachers. 

Certainly, this approach toward in-service training deserves to be the sub- 
ject of testing and research. We need to know whether teachers are comfort- 
able teaching with a method from which they themselves have never learned. 
If there are proposals to use computers and other technology in the teaching 
of children, it would be wise to have teachers who have benefitted from this 
teaching method. It is difficult to use a method based on theory and pro- 
mise rather than personal experience. Yet, for the potential of the new 
technology to be realized, there must be people in local school systems who 
can make it succeed. If funding for the equipment is a problem, then the 
initial expenditures for equipment and software must go toward the critical 
area — teacher training. 

If the technology is not successful with adult teachers, there is little 
point in discussing its potential for studants in the classroom. Even more 
to the point, if these new approaches are to be used in the classroom, 
teachers must be trained. What better way to do the training than with the 
method to be taught? 
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2. Content and Time on Task in the Elementary Grades 

Many educators feel that a major teacher training effort is necessary to improve 
the teaching of science and mathematics in the early grades. They believe that 
training should be focused on content as well as methods in ord§r to be effec- 
tive • Without training, teachers lack confidence in teaching the subject and 
may question the efficacy of recommended approaches. All teachers are concerned 
about the inability of students to solve problems, even those problems requiring 
the most straightforward application of arithmetic facts. Research must be 
conducted to see if new approaches can help to address this problem. 

Among the many other questions that need answering is a difficult one related to 
the required computer hardward for instructing very young students. Must the 
hardware be sophisticated (expensive) for teaching at this level or would large 
numbers of the small capacity, general purpose units be suitable? Must there be 
equipment in every classroom or should it be clustered in a central laboratory? 

Answering these questions involves exploring the type of instructional applica- 
tions for which the new technology is suitable. The answers are fundamental to 
evaluating potential uses of the new technology in the early grades. This is 
difficult as there is a tendency to apply the available equipment (one knows 
that it can be purchased) instead of working from the top down and designing the 
machine with the application in mind, 

unfortunately, the current situation may be a worst case scenario: on one hand, 
administrators are not convinced the applications have enough promise to justify 
expenditures for expensive equipment; on the other hand, they do not expect to 
have a pool of teachers trained to use the affordable equipment in substantive 
ways , 

Two immediate steps are suggested: research should be undertaken to provide 
answers to questions posed above; teachers and administrators should be given 
opportunities to learn enough about alternative methods to make informed deci- 
sions for their particular school and situation, 

3, The Middle Grades 

When teachers meet to discuss ways to improve school mathematics, many agree 
that something goes amiss in the middle grades. Middle grade teachers report 
that their students arrive with poor preparation from the lower grades. After 
discussion, proposals usually are made, and attention quickly turns to the 
status of high school mathematics. Soon there is disagreement on what should be 
done at that level. 

It is almost as though the excitement lay in discussing the symptoms rather 
than attacking the problems. One of the basic reasons for this indecision and 
inaction in solving middle grade mathematics failure is teachers' frustration at 
.not knowing what needs to be done and their realization that many colleagues, 
who have the training to teach in the middle grades, chose to teach in the high 
school, where again, there is a shortage of trained teachers and a better 
teaching environment. 
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The new technology has a role to play in improving mathematics teaching in 
these critical middle grades. For example, there must be a way to capita- 
lize on students' fascination with video games. There also should be a 
possibility of using methods now available through teleconferencing, video 
disks, and computers to provide sp^scialized instruction for accelerated or 
remedial students. 

Certainly, the remedial student should be able to benefit from new delivery 
systems for instruction. It is sad to see teaching methods which have 
already proved a failure with remedial students being used with these same 
students. 

Perhaps the new technology offers an alternative method of teaching Algebra 
1 and Algebra 2 in the middle grades, where the small numbers of students or 
the unavailability of trained teachers make offering the courses a difficult 
undertaking. 

Currently, there are not many affordable alternatives to structured classes, 
tutoring, workbooks, and ditto sheets, but the new technology has the poten- 
tial to change the situation. It is worthy of extensive research. 

4. Advanced Courses at the High School 

Many schools suffer from a lack of faculty prepared to teach advanced 
courses in mathematics, science, and foreign languages. Efforts should be 
made to provide an alternative method of instruction for the often small 
number of students prepared to take these courses. This particularly 
applies to rural schools where teleconferencing, video disks, and computer 
networks could be used to provide a student an opportunity to learn and to 
face challenges currently unavailable. The master teacher idea once envi- 
sioned with television may be successful with video disks, teleconferencing 
and computer networks. ' 

5. Early Identification for Remediation 

For a number of reasons the testing in schools today is not always accom- 
plishing its purpose. The style of testing may be disruptive to a school 
program; often the results are returned in a form that cannot be processed 
in a sophisticated way by the local unit; and expertise necessary for the 
successful uses of diagnostic and prescriptive tests is not always available 
at the local level. 

Recent advances in teleconferencing and computers may provide significant 
help in this area. At a minimum it would appear to be possible to use a 
microcomputer to grade tests, to develop software to enable local districts 
to process test data easily, to design inexpensive computers v^ich can ad- 
minister interesting tests (tests which are chosen from a large collect:ion 
of problems so that two tests do not have many questions in common), to use 
teleconferencing for training staff in interpreting test results, and to 
offer remediation in a variety of delivery systems. Computers and video 
disks'may be particularly good for implementing an individualized testing 
program for mastery based learning. 



6, Handling the Wide Range of Abilities in the Classroom 



Individualization is extremely difficult in today's classroom. The new 
technology makes a variety of approaches possible. Research must be carried 
out to ascertain the effectiveness of new approaches toward instruction at 
various levels of education. Recommendations for a successful mix of modes 
of instruction are essential to help local districts spend limited funds 
wisely, 

7, Treating the Applications of Mathematics 

8, Doing Justice to Computer Literacy, computer Programming, and the 
Computer as a Tool 

9, Covering the Material in the Syllabus 

10, Including Additional Topics in the Curriculum 

When one reads the syllabi for courses in the mathematics sequence, one is 
struck by two facts: 1) it is ve/y much a calculus sequence for those who 
are in a college preparatory program; and 2) the syllabi could not possibly 
t>e an accurate description of what is actually being taught. This last 
point is of utmost seriousness. If the syllabi were being covered, the 
achievement of the students would be vastly different. 

Also, if the syllabi were to be covered, the mathematical background of 
teachers would need to be different. Since the teachers are unable to cover 
fully the desired course material, suggestions to include additional topics 
are viewed with skepticism. Teachers realize that additional topics should 
be included in the curriculum, that students should receive an introduction 
to the computer, and that applications deserve better treatment ia- the cur- 
riculum; however, in the teacher's view, attempting to include , these topics 
in courses where important parts of the subject are already being omitted is 
unrealistic and leads to disappointment. 

The failures in execution of the current curriculum are serious; the pro- 
blems occur across all grade levels. Clearly, we must address them in order 
to establish a classroom environment \^ich is flexible enough to permit 
changes in ttie educational methodology and v^ich is conducive to the full 
development of recommended changes. 

Again, it is possible that the new technology can be a major tool in enab- 
ling teachers to give proper coverage in their courses. This would especi- 
ally be true if the treatment of the topics in the early grades ensured that 
each student arrived at the next grade better prepared. Just as calculus in 
the schools is often taught on a poor algebra and precalculus base , many 
current applications of computers in the schools are applied over a syllabus 
as though the mere presence of computers will Improve the quality of 
instruction. It is of some concern that most attempts to improve instruc- 
tion are "layered products" over a possibly "deteriorating operating system" 
(the quotes are those of the authors), . 
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11 • student Behavior 



It is awe inspiring to contemplate that teachers must work both with wonder- 
ful young people (some brilliant, some not so gifted, some motivated, some 
unmotivated) and with other young people who in a few years will be winding 
their way through an overcrowded judicial system or shortly be dead as a 
result of violence. The broad spectrum of people served by the schools is 
both a strength and weakness. One weakness will have direct bearing upon 
the success or failure of introducing technology into the classroom. 

Systems designed to aid instruction cannot always be placed in a classroom 
of well-behaved students, and educators cannot assume that expensive equip- 
, ment will not be open to vandalism. This is a sad situation, but many great 
theories are "murdered by a gang of cruel facts" (Kafka), Research must be 
conducted in representative teaching environments to ascertain the appro- 
aches; that have a chance of success in a "real" school as opposed to the 
theoretical school of our hopes and wishes. Administrators are well aware 
of the true situation in their schools and will not fund programs which do 
not address this environment. 

Poor student behavior is often attributable to a feeling on the part, of the 
student that school is irrelevant. Given current manpower shortages in 
fields requiring training, what could be more relevant than vocational 
training utilizing the new technology? It is a question worthy of research. 

12, Implementation of the NCTM "Agenda for Action" 

13, Modernization of the Attitudes Both of Parents. and Teachers Cited in the 
NCTM "PRISM" Summary 

A reading of the "Agenda for Action" reveals that the list of eight recom- 
mendations was a product of much thought and discussion. Teachers support 
the recommendations, which are sensible and yet innovative, but there is a 
sadness in viewing the factprs which limit attempts to implement the recom- 
mendations. Teachers are frustrated by their text books, by their workload, 
by the school environment, by parental attitudes, and by the inadequacy of 
their own preparation in the content area. While the new possibilities for 
approaches to instruction will not solve all problems, there is reason to 
believe that research will lead to recommendations on how new technology may 
aid in implementing the "Agenda for Action," Teachers can be expected to 
respond positively. The groundwork has been established. Now new ideas are 
needed on how these recommendations can be implemented. Approaches . v^ich 
make use of microccmputers, video disks, and other equipment offer a vehicle 
for these new ideas. New applications are so much in demand that they could 
lead to an acceptance of the vehicle itself, 

A list of questions needing investigation in this regard may include toe 
following: Are the roadblocks present in mathematics problem solving? How 
can computers enhance problem solving for the typical student other than 
merely programming an algorithm already memorized? What areas are particu- 
larly open to interdisciplinary approaches using new information technology? 
What are situations where individualized instruction is advantageous and how 
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can recent advances in technology be used in such situations? What are 
factors that prevent some students from successfully using computers? Is 
there a situation that exists similar to "math anxiety"? How may coordi- 
nated approaches toward the teaching of science and mathematics be imple- 
mented? Can the computer serve as the common interface? 

The "PRISM" report indicates that attention must be given to teacher and 
parental attitudes toward the purposes of instruction and alternative appro- 
aches* Society's view of the teaching profession is a major problem for 
education today. It is possible that the status of the profession can be 
improved by using modern day tools in instruction; however, that possibility 
will be lost ' if new approaches are forced into unsuitable applications. 
Research must be conducted to find the areas of application v^ich are suit- 
able and effective and which both teachers and parents will support. 

14, The Heavy Paper Work Load for Tteachers and Administrators 

For a teacher, it is discouraging to see the substantial tools being placed 
into the hands of managers in business to ease their tasks v^en the paper 
work for teachers and administrators continues to grow and no new tools are 
offered. Industry easily justifies convenient editors for word processing, 
data management systems, electronic scratch pads for budgeting and schedu- 
ling, and other modern tools. Expenditures in this area have led to the 
development of total packages \rtiere all of these functions are menu driven 
and operate on the same file structure. 

Common sense marketing dictates that the cost of developing these packages 
for education are not justifiable. Otherwise, the packages would exist. 
One factor which retards development of educational' packages is industry's 
fear that educators are reluctant to use the tools. Again, it is society's 
image of teachers and principals as being different from small businessmen 
that obscures the fact that much of the paperwork is similar. Research 
should be supported to prepare software packages which aid the teicher, the 
principal, and the superintendent. 

More is required for implementation than making specific recommendations 
regarding the applications of existing software. It also is essential that 
the cost effectiveness of this approach toward the non-classroom tasks be 
demonstrated. Some readers may consider this application unimportant and 
unexciting. To the teacher, however, it is clear that a reduction of the 
time spent on clerical duties can lead directly to more time spent on 
teaching task be it preparation of lessons, more carefully graded papers, or 
clearer communication with parents. An electronic time line capable of 
updating, among other tasks, may enable supervisors to keep abreast of what 
is actually being taught and may help the teacher become a better planner. 
An electronic grade book and absence recorder could be a tremendous time- 
saver. A text editor would be invaluable in writing tests and student eval- 
uations. For the principal, the applications are many and obvious. Recom- 
mendations by experts can clarify which applications are suitable for a 
microcomputer and which require a minicomputer. More importantly, the 
availability and cost ef fe<:^'*^iveness of these tools must be communicated to 



the local units. it is difficult for a superintendent to justify a large 
expense for software packages if success is not documented or if no one in 
the local unit has had first-hand experience with the packages. 



Comments 



The preceding remarks clearly indicate a strong bias toward the importance 
of teacher training. Any attempt to make substantial changes in what is 
taught and how it is taught (should that course be desired) will require a 
strong base of trained teachers to be successful. The area of technology is 
a perfect area in which to focus training. Not only can training take place 
on how to use the technology, but also the technology itself can be used to 
do the training. 

The communication of research results to the classroom teacher is currently 
haphazard and has small impact in the classroom. The area of the applica- 
tions of technology to instruction and administration is an ideal vehicle, 
for changing this pattern. If research and innovation which are applicable 
to the real school environment are supported, teachers will be eager to 
explore new ideas. If, however, the products of the research are applicable 
only to the ideal school environment, teachers again will be disappointed by 
another lost opportunity. The acquisitions of microcomputers by schools 
over the past three years is testimony to teachers' desires to improve 
teaching and learning-..---Eq^^ij)ment-wa^— purchaB^ed—wir^ f rom tight "bud- 

gets, with little promise of expert support at the local level, with modest 
access to educational software, and* without a true sense of the overall 
potential of the equipment. These purchases are a response to a need. The 
impact upon students would be immediate if the results of research led to an 
organized approach for the use of the equipment, if equipment is integrated 
into the total school curriculum instead of limited to narrow applications 
related to the study of programming, if the equipment is the precursor of 
even more sophisticateji teaching tools, and if the equipment is the first 
step in a determined effort to improve the preparation of teachers. The 
opportunity before us is unique; the local school districts have taken the 
first steps even before an organized set of recommendations is established 
at the national level. The environment for change is real; however, any 
proposals for change must be predicated on use of equipment in real schools 
with real students. Administrators recognize the new possibilities and are 
eager for sound advice on how to take advantage of new technology to benefit 
education. Advice is also needed on addressing the dangers encountered in 
placing computers in the schools. Some staff and students suffer from "com- 
puter adolescence" a tendency to spend time at the conputer keyboard 
instead of attending to required auties. Research in this area may provide 
answers which teachers need today. ^ 

Research efforts can take many forms. Prototype software is essential. 
Software for training teachers could be modeled on packages industry uses in 
training employees. Also, prototype applications for the classroom are 
essential in order to measure the success or failure of the new approaches. 
Research on the type of equipment best suited for the schools should also be 
supported. 
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Conclusion 



As many recognize, the opportunity before us is real just as the burden is 
real. First a broad range of equipment, in addition to microcomputers , is 
entering school systems and offers opportunities for improving instruction. 
Second, if the initial uses of the equipment are unsatisfactory in teachers' 
opinions, future applications of a broader range of equipment, based on more 
substantial research, will be hindered. This comment deserves attention. 

Micros are entering the schools. In some cases this entrance is disorgan- 
ized and in some cases there is little expertise to support those attempting 
to use the equipment. The resulting environment is not conducive to suc- 
cess. A significant failure now to live up to teachers' hope for improving 
instruction could lead to resistance in the future, when attempts are better 
organized. This is the price which must be paid for technological advances 
(especially in hardware costs) when they outpace planning by those respon- 
sible for the future uses of equipment in the schools. This "bottom up" 
approach may in the end be a blessing as it is often a precursor for major 
change . 

It is also important to realize that changing how people do their jobs is 
always a difficult task unless the changes are clearly an improvement. 
Teachers have an understandable reluctance to use methods in v*iich they do 
not believe-. This is especially true when the methods appear designed for 
cTassroom environments which- few-have experienced or when the methods do not 
place due emphasis on the motivating role of the teacher. As suggested 
above, teachers tend to use methods from vrtiich they have benefitted. This 
is a major reason for suggesting that the new approaches using technology be 
used in the training of teachers. 

The reluctance to adopt new methods easily is not limited to teachers. It 
is not only education that may be failing to take full advantage of these 
advances. It would appear that education shares many things in common with 
other businesses, especially in the area of training and serving adults. 
These shared applications may provide a base for a partnership with industry 
in funding proposed research. Such cooperation between government and 
industry is essential for the products of research to have a significant 
impact in the classroom. 

The current situation encourages a skepticism toward the applications and 
the effects of technology in the schools. Previous unfulfilled promises 
(film, overheads, television, slides, phonographs) will cause many exper- 
ienced educators to question the value of more new and untested equipment. 
They are aware that current research provides few answers that support 
applications of the new technology. The purpose of this paper is to propose 
that there be a two-pronged approach: do the fxandamental research necessary 
to find appropriate areas of application, and use the technology to address 
the need for in-service training of teachers. Of the two areas, the latter 
is the more important. Both are appropriate for a national role in educa- 
tion. Training teachers and administrators permits decisions to be made at 
the local level based both on personal experi*ence and research. 



one large danger looms ahead if application of the new technology to 
instruction proves immensely successful. Potentially, such a result could 
lead to a dramatic improvement in education. Unfortunately, this improve- 
ment may occur for only the chosen few. it would be very sad if the gap 
between the wealthy districts and the poor districts widened due to access 
to modern equipment. 

There are many potential areas of application for the new information tech- 
nology. The remarks above are intended to initiate discussion. it is 
important that discussion be based on reality. The schools — the students, 
the facilities, and the teachers — are likely to remain as they are. 
Technology may help improve the schools, but it would be a mistake to wait 
for schools to improve before applying that technology. 
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EXECUTIVE SUMMARY 



Our charge from the nsB Commission was to identify %^at parts of mathematics 
must be considered nindamental for education in the primary and secondary 
schools. We concluded that the vddespread availability of calculators and 
computers and the increasing reliance of our economy on information pro- 
cessing and transfer are significantly changing the v^ays in vdiich mathe- 
matics is used in our society. To meet these changes we must alter the K-1 2 
curriculum by increasing emphases on topics v^ich are fundamental for these 
new modes of thought. 
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This report contains our recommendations on needed changes — additions, de- 
letions, and increased or decreased emphases — in the elementary and middle 
school mathematics curricula and a statement of more general concerns about 
the secondary school mathematics cur riculum. 

With" regard to elementary and middle school mathematics, in summary, we re- 
commend:, 

o That calculators and computers be introduced into the mathematics class- 
room at the earliest grade practicable. Calculators and computers should 
be utilized to enhance the understanding of arithmetic and geometry as 
well as the learning of problem-solving* 

o That substantially more emphasis be placed on the development of skills 
in mental arithmetic, estimation, and approximation and that substan- 
tially less be placed on paper and pencil execution of the arithmetic op- 
erations , 

o The direct experience with the collection and analysis of data be provide 
ed for in the curriculum to insure that every student becomes familiar 
with these important processes. 

We urge widespread public discussion of the implications of the changing 
roles of mathematics in society, support of efforts to develop new materials 
for students and teachers vy^ich reflect these changes, and continued and 
expanded experimentation within the schools. 

With regard to the secondary school curriculum, in summary, we recommend: 

o That the traditional component of the secondary school curriculum be 
streamlined to make room for important new topics. The content, empha- 
ses, and approaches of courses in algebra, geometry, precalculus, and 
trigonometry need to be re-examined in light of new computer technolo- 
gies. 

o That discrete mathematics, statistics and probability, and computer 
science now be regarded as "fundamental" and that appropriate topics and 
techniques from these subjects be introduced into the curriculum. Ccmpu- 
ter programming should be included at least for college-bound students. 

Modern computer technology clearly has vast potential for enriching and en- 
livening the secondary school curriculum. However, we are not now in a po- 
sition to make firm recommendations. There is need for research on the ef- 
fects of incorporating technology into the traditional secondary school cur- 
riculum. We urge Federal support for investigations into this question, in- 
cluding development of experimental materials and prototypes of actual 
school curricula. 
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Although we are generally optimistic about the future role of computers, we 
feel we must highlight one point that worries us even though it is not 
directly within our charge • The disparity of access between children who 
have a computer at home and children who do not threatens to widen the edu- 
cational gap that already exists between different economic strata. It is 
urgent that programs be designed to address this problem. 

We clearly recognize that the most immediate problem is not the mathematics 
curriculum ^ but the need for more,- and better qualified , mathematics 
teachers. One section of this report is devoted to recommendations on at- 
tr acting and training prospective teachers, better utilizing the talents of 
in-service teachers, and retraining teachers who are inadequately prepared 
for teaching mathematics. We feel that the coming changes in subject matter 
and emphasis not only will bring a .new sense of vitality to K-1 2 
mathematics, but also will encourage teachers actively to seek and partici- 
pate in programs of professional development. 

The Conference Board of the Mathematical Sciences stands ready to assist 
efforts to develop immediate strategies for addressing the teacher shortage 
and to develop long-term strategies for bringing about the curricular 
changes envisioned in this report. 



I. The NSF/CBMS Meeting 

in response to suggestions made at the July 9, 1982 meeting of the National 
science Board (NSB) Commission on Precollege Education in Mathematics, 
science, and Technology, the Conference Board of the Mathematical Sciences 
(CBMS) held a special meeting to address the topic THE MATHEMATICAL SCIENCES 
CURRICULUM K-1 2: WHAT IS STILL FUNDAMENTAL AND WHAT IS NOT. The meeting was 
held on September 25-26, 1982 at the headquarters of the Mathematical Asso- 
ciation of America in Washington, D. C. 

participants in the meeting included the presidents of the American Mathema- 
tical Society, National Council of Teachers of Mathematics, Mathematical 
Association of America, American Mathematical Association of Two- Year 
Colleges, and Society for industrial and Applied Mathematics. The other 
participants included two members of the NSB Commission, two members of the 
Commission staff, and representatives of the CBMS constituent organizations 
and the CBMS officers. ' . . 

II. Recommendations to the Commission , 

INTRODUCTION - 

in the limited time available during the conference, it was not possible to 
establish full consensus on every detail of the working group reports. How- 
ever, there clearly was broad consensus on the need to incorporate calcula- 
tors and computers, as well as additional data analysis, into the K-1 2 
curriculum and to make the necessary adjustments in the mathematical topics 
and modes of thought traditionally taught at these grade levels. 



Some detailed recommendations on the fundamentals in the k-8 curriculum 
what should be emphasized more and what should be emphasized less, are qiven 
in the working group report "Elementary and Middle School MathiS^Itics " The 
corresponding adjustments needed in the secondary school curriculum, v^ere 
the impact of technology is even greater, are described in more general 
terms in the two reports "Traditional Secondary School Mathematics" and in 
the report 'Non- traditional Secondary School Mathematics." m this area 
much more investigation and experimentation are required before a firm 
consensus can be reached. 

Recommendations on dealing with the challenge of providing children with 
access to, and understanding of, computers and calculators pervade this 
entire report. They are dealt with specifically in the report "The Role of 
Technology." a statement of the relationship between the mathematics curri- 
culum and what is, or can now be, taught in other disciplines is given in 
the report "Relations to Other Disciplines." The report entitled "teacher 
Supply, Education, and Re-education" contains a variety of recommendations 
on attracting and retaining well-qualified mathematics teachers. 

There was general agreement at the conference that the most pressing immedi- 
ate problem is the need for more, and better qualified, teachers in the 
classrooms No curriculum, no matter how well-founded, can possibly succeed 
without dedicated and competent teachers to teach it. However, many parti- 
cipants felt that appropriate changes in the curriculum at this time rather 
than detract from efforts to deal with the teacher shortage, could 'brinq a 
new sense of vitality to K-1 2 mathematics and could serve to encourage 
teachers to actively seek and participate in programs of professional 
development. ^ 

Participants in the conference were also in agreement that their 
suggestions, even if influential in full, cannot be expected to constitute a 
cure-all for all the shortcomings of K-1 2 mathematics. in fact a funda- 
mental improvement in K-1 2 mathematics can be hoped for only ^[thin the 
framework of a general improvement of the total school environment 
Remedies for the difficulties facing the teaching community (low teachers' 
salaries, low prestige, lack of support by society, lack of discipline in 
the classroom, irregular attendance, etc.) are societal in nature and fall 
outside the mandate and the competence of this group. 

SOME ADDITIONAL RECOMMENDATIONS 

In addition to the concerns and recommendations in the working group 
reports, a few points were emphasized in the general discussions which are 
of vital importance in the implementation of any curricular changes: 

o Textbooks 

Textbooks play a key role in the mathematical sciences curriculum at all 
levels. Any major changes in the curricula at the elementary, middle or 
high school levels must be accompanied by corresponding changes in text- 
books. For this to happen, the groups responsible for preparing textbook 
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series and for adopting textbooks must be deeply involved in efforts to up- 
date these curricula • 

o Testing 

TO a large extent the grade and high school teachers are \ander strong pres- 
sure to train their pupils so as to maximize their chances of doing well on 
standardized tests. As long as these tests stress computations, the pupils 
are bound to be drilled in computations, regardless of any other guidelines 
the teachers may have received, and even contrary to the sounder convictions 
the teachers themselves may have. 

We call the attention of the CXxnmission to the power and influence of stan- 
dardized tests. Properly modified, these can have considerable effect in 
hastening the hoped-for improvements in the present teaching of mathematics 
in grades K-12# 

o Articulation 

The entrance requirements and course prerequisites of the nation's colleges 
and universities are major factors in determining the topics in the secon- 
dary school (Curriculum as well as the amount of time devoted to them, 
-Efforts to change the curriculum at the secondary level must be carried out 
in a cooperative effort with the colleges and universities. 

o Equal Access 

The disparity of access to computers between children who have a computer at 
home and children who do not threatens to widen the educational gap that 
already exists between different economic strata. It is urgent to design 
programs to address this problem. 

o~ Women and Minorities 

The conference noted with satisfaction the improvement during receht years 
in the participation of women in upper secondary mathematics. The many 
efforts tiiiat have led to this improvement must continue to be supported, we 
look forward to corresponding success with minority and handicapped 
students. 

WORKING GROUP REPORT: ELEMENTARY AND MIDDLE SCHOOL MATHEMATICS 

Arithmetic, and, more generally, quantitative thought and understanding 
continue to become more important for more people, but the importance of 
various aspects of arithmetic has changed and will continue to change as 
computers and calculators become pervasive in society. The suggestions 
below are designed to equip students be.tter for life and effective func- 
tioning in the developing age of technology. We believe implementation of 
these suggestions into the K-8 curriculum will make students more adaptive 
to future change, better equipped to use modern technology^ better grounded 
in the mathematical bases for other sciences, and better grounded for 
further school mathematics. 



EKLC 



143 



14G 



A principal theme of K-8 mathematics should be the development of number 
sense, inc±ud±iig the effective use and understanding of numbers in applica- 

tzz-r^ s:asrr -\'T&U^.^:.±ii...ot^ mathematical contexts * 

Tf. :: chants: -we: ujiiiyos e are fairly substantial, but are primarily in emphasis 
^her tnsn Jfc coverall content* We believe they are consistent with, and 
are nat: ral ourgrowths of, reccanmendations relative to K-8 education of the 
earlier valuable documents, Basic Mathematical Skills by NCSM and An Agenda 
for Action by NCTM# 



When implemented, the changes will be only modest at the K-3 level but more 
significant at the 4-6 and 7-8 grade levels. They essentially replace 
excess drill in formal paper-and-pencil ccxnputations with various procedures 
to develop better number sense on the part of the student. 

Here is a list of various special concerns: 

1) Thorough understanding of. and facility in one-digit number facts are 
more important than ever. 

2) The selective use by students of calculators and computers should be 
encouraged, both to help develop concepts and to do many of the tedious 
computations that previously had to be done using paper and pencil, 

3) Informal mental arithmetic should be emphasized at all levels, first 
aimed at exact answers and later at approximate ones. Such activity is 
necessary if students are to be able to decide %^ether computer or calcu* 
lator printouts or displays are reasonable and/or make sense. Informal 
mental arithmetic involves finding easy, not formal algorithmic, ways of 
looking at number relationships. 

4) There should be heavy and continuing emphasis on estimation and approxi- 
mation, not only in the formal round-off procedures, but in developing a 
feel for numbers. Students need experience in estimating real world quan- 
tities as well as in estimating numerical quantities which appear in compli- 
cated form. Methods requiring explicit (right or wrong) answers should.be 
used where possible to help develop estimating procedures. For example, 
many exercises on comparing fractions with easy ones (e.g., 12/25 with 1/2, 
and 103/299 with 1/3) can be used to get students to think of more ccanpli- 
cated fractions as close to, but less than (or more than) easy fractions. 

5) There should be a heavy and continuing emphasis on problem-solving, 
including the use of calculators or computers . Trial and error methods, 
guessing and guestimating in solving word problems should be actively 
encouraged at all levels to help students xinderstand both the problems and 
the use of numbers. Naturally, examples and illustrations should be 
appropriate to the students' age, interest, - and experience. 

6) Elementary data analysis, statistics, and probability should be intro- 
duced, or expanded in use, including histograms, pie-charts, and scatter 
diagrams. The understanding and use of data analysis is beccming a vital 
component of modern life. ^ The collection and analysis of data should 
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include personal data of meaning to students, (e.g. , number of siblings, 
students' ages, heights and weights), data culled from newspapers, almanacs, 
and magazines, random data such as that produced by urn schemes and data 
from experiments in other sc!iool subjects. 

./^ 

7) Place value, decimals, percent, and scientific notation become more 
important. Intuitive understanding of the relative sizes of numbers that 
arise in the everyday world of applications becomes even more vital. 

8) More emphasis on the relationship of numbers to geometry including, for 
example, number lines and plotting, should lead to better understanding of 
the concepts of arithmetic and of geometry. 

9) Understanding of fractions as numbers, comparison of fractions, and con- 
versions to decimals should have more emphasis while drill on addition, 
subtraction, and division of fractions with large denominators should have 

X less. 

10) Drill on the arithmetic operations on three- (and larger) digit numbers 
should be de-emphasized. Such computations can and should be done by calcu- 
lators and computers. 

11) Intuitive understanding and use of the mensuration formulas for standard 
two- and three-dimensional figures should be emphasized. More stress on why 
the formulas make sense is needed . 

12) Function concepts including dynamic models of increasing or decreasing 
phenomena should be taught. (For more details, see 4) in "Traditional 
secondary School Mathematics.") 

13) The concepts of sets and some of the language of sets are naturally use- 
ful in various mathematical settings and should be used where appropriate. 
However, sets and set language are useful tools, not end goals, and it is 
inappropriate to start every year's program with a chapter on sets. 

14) Based on motivation from arithmetic, algebraic symbolism and techniques 
should be encouraged, particularly in grades 7 and 8. 

15) More extensive use of mathematics and computers in social science and 
science courses should be actively pursued. We encourage the consideration 
of this matter by experts .in these fields and wlcome opportunities to 
collaborate on further work in this area. 

A discussion of possible computer programming or computer literacy courses 
is left to other groups for further study. 

Im plementation Ooncerns 

1 ) We hope the Commission will encourage widespread public discussion of 
the implications for K-8 mathematics of the changing roles of arithmetic in 
society. As an early step, we suggest discussions and conferences between 
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teachers, supervisors, mathematics educators/ mathematicians and editors of 
textbook series concerning this report and others on the same general topic. 
Such conferences could be quite inexpensive if most participants are local. 

2) we hope the commission will seek ways to encourage the development and 
use of student texts and teacher training materials in the spirit of these 
questions . 

3) We hope the Commission will seek ways to encourage change in standar- 
dized tests toward number sense and away from single-operation computational 
skills. 

4) We hope the Commission will encourage school systems to reassign inter- 
ested teachers at the 4-6 grade level to become specialists at teaching 
mathematics and other disciplines. One mode might be a simple trade of clas- 
ses between teachers with each teacher concentrating in areas of particular 
interest and competence. The needed changes -in emphasis will be much easier 
to effect if those actually teaching any subject are selected for their 
special interests and attitudes. ' Special inservice training programs should 
be developed for all such semi- specialized teachers, whatever their sub- 
ject. 

5) We hope the Commission will seek ways to improve the status of teachers 
and the conditions under v^ich teachers attempt to do the important and dif- 
ficult job of educating future citizens. 

6) We believe that the needed changes can be brought about somewhat gradu- 
ally and with general support of those concerned. There already is discus- 
sion in teacl)er_and— supervisor groups concerning many of the ideas put forth 
here. 

The proposed changes generally involve modifications in the way mathematics 
is introduced and used in schools rather than adding new subject matter. 
The changes should permeate texts and not just be add-ons that can be ig- 
nored. There appears to be an approximate balance in time between topics 
needing more emphasis and those needing less. With the exception of compu- 
ter use and the possible exception of parts of data analysis, the topics 
needing added emphasis have been- taught- and learned in^ A^^^ schools at 

various times and places in the past. The diminished role of - paper and pen- 
cil computation is perhaps the topic vdiich will provoke most concern and 
possible disagreement. ^ 

WORKING GROUP ^ REPORT: TRADITIONAL SEODNDARY SCHOOL MATHEMATICS 

current secondary school mathematics curricula are organized into separate 
year- long courses covering algebra, geometry, and precalculus topics. There 
are proposals that challenge this traditional division of school mathematics 
and the position of calculus as the primary goal for able college-bound 
students. Thus, the following analysis uses conventional course headings 
for discussion cf_proposed changes in traditional topics, not as endorsement 
of the statusCquo. 
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1 ) overall Recommendation 



The traditional component in the secondary curriculum can be streamlined, 
leaving room for important new topics. However, since breakthroughs in 
technology v^ich allow this streamlining are so recent and the conceivable 
implications so revolutionary, it is not yet entirely clear what specific 
changes are appropriate. 



2) Algebra 



The basic thrust in Algebra I and II has been to give students moderate 
technical facility. When given a problem situation, they should recognize 
what basic algebraic forms they have and know how to transform them into 
other forms which might yield more information. In the future, students 
(and adults) may not have to do much algebraic manipulation — software like 
mu-Math will do it for them ~ but they will still need to recognize v^iich 
forms they have and v^ich they want. They will also need to understand 
something about why algebraic manipulation works, the logic behind it. In 
the past, such recognition skills and conceptual understanding have been 
learned as a by-product of manipulative drill, if learned at all. The chal- 
lenge now is to teach these skills and understanding even better While using 
the power of machines to avoid large time allotments to tedious drill. Some 
blocks of traditional drill can surely be curtailed, e.g., numerical calcu- 
lations using look-up and interpolation from logarithm and trigonometry 
tables. 

3) Geometry 

A primary goal of the traditional Euclidean geometry course is to develop 
logical thinking abilities. But not every fact need be given a rigorous 
proof to pursue this goal. Nor need this be the only goal of geometry, nor 
geometry the only means towards this goal. 

we recommend that classes work through short sequences of rigorously- 
developed material, playing down column proofs, v^ich mathematicians do not 
use. These proof sequences should be preceded by some study of logic it- 
self . Important theorems not proved can still be explained and given 
plausibility arguments, and problems involving them can be assigned. The 
time v^ich becomes available because proofs are de-emphasized can be devoted 
to study of algebraic methods in geometry, analytic geometry and vector 
algebra, especially in three dimensions. Work in three dimensions is essen- 
tial if one is to develop any pictorial sense of relations between many 
variables, and handling many variables is essential if one is to model 
phenomena realistically. 

There is much room for using computers in geometry. The power of graphics 
packages makes it much easier for students to get a visual sense of geome- 
tric concepts and transformations. The | need to use a.lgebraic descriptions 
of geometric objects when writing graphics programs reinforces analytic geo- 
metry. Finally, the algorithmic thinking needed to write programs bears 
much resemblance to the thinking required to devise proofs. 
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4) Precalculus 



rnoth.r r "^"^r! ^"'^ " students see th.e same topics yet 

another txme, with more drill but with little new perspective. For betSr 
students there may not be a need for a precalculus coVrse if drill Ts no 
longer so important and if algebra and geometry are done "right," with the 
concepts made clear. For instance, one justification for t^e precalculus 
course is the perceived need to develop the idea of functions; functions 
appear in Algebra i and earlier, but current teaching may give too sSt^c an 
understanding, with computers, the concept of function can be made ce^tr" 
aranir "^l^ ^l«"ly. The computer supports qualitative analysis of the 

ana?vsif ^ ^^^"-i- display, and also allows detailed 

analysis of zeros, rates of change, maxima/minima, etc. 



5) Algorithmics 



computers and programming have made the creative human talents and skills 
ITl"! It analyzing algorithms extremely important. These 

talents and skills, emphasized by the group on nontraditional topics, can be 
exercised quite naturally through traditional topics as well. Auch of high 
school algebra consists of systematic methods for handling certain problems 



1:1:L J^l such methods are algorithms. Instead of 

making t±e student carry out such methods with paper and pencil a boring 
number of times have the student do it just a few times and then program a 
computer to do it. The understanding gained should be at least as great,. 

6) The Average student 



For the many students in secondary school who are not specially talented in 
mathematics and not headed for careers in science or ^echnology^^rre^? 
programs are a source of discouragement, anxiety and repetition^ in a dull 
basic skills program which serves them poorly, we cannot ignore the needs 
of this large and important group. Computers, as mathematical tools and 
media of instruction, offer a fresh window into mathematics for thii; 

7) Cautions ^r'" 

we have suggested that technology provides an opportunity to devote less 
time to traditional techniques while boosting undei .standing and allowing 
more time for more complex, realistic problem-solving. However, there are 
several cautions. First there are widespread and deep reservations about 
how much traditional goals shou.ld give way to technology. second, there is 
little research data on the feasibility of such changes, and there are 
almost no prototype school curricula emb ' ng the new priorities. Experi- 
mental programs, and research on the res. s, must be given major support. 
Third, changes in secondary programs must be carefully articulated with the 
expectations of colleges and employers, who often have conservative views 
about curricula. Finally, the syllabi of an extensive range cf standardized 
tests play a very influential role in betting curricula and the 'actual 
classroom emphases of teachers, if curricula are to change, the tests must 
be changed. Clearly, strong national leadership and cooperation are 
necessary, from teachers, mathematicians and public policy-makers, to meet 
these challenges and implement significant change. 



WORKING GROUP REPORT: NO^TRADITIONAL SEODNDARY SCHOOL MATHEMATICS 



On two basic principles the panel was unanimous: 

- There is need for substantial change in both the subject matter of and 
the approach to teaching in secondary school mathematics • 

- If changes are to be made in secondary school mathematics, we must make 
haste slowly, taking care at all times to insure full consultation with 
and support from the secondary school mathematics teaching community. 

Our specific recommendations are grouped ^undcsr five headings: Subject 
Matter, Approach to Teaching, The Use of New Technology, Teacher Training 
and Implementation • 

1 ) Subject Matter 

Careful study is needed of \^at is and what is not fundamental in the 
current curriculum. Our belief is that a number of topics should be intro- 
duced into the secondary school curriculum and that all of these are more 
important than, say, what is now taught in trigonanetry beyond the defini- 
tion of the trigonometric functions themselves. These topics include 
discrete mathematics (e.g., basic combinatorics, graph theory and discrete 
probability), elementary statistics (e.g., data analysis, interpretation of 
tables, graphs, surveys, sampling) and computer science (e.g., jprogramming, 
introduction to cilgorithms, iteration). 

2) Approach to Subject Matter 

The development of computer science as well as computer technology suggests 
new approaches to the teaching of all mathematics in which emphasis should 
be on: 

- algorithmic thinking as an essential part of problem-solving 

- student data gathering and investigation of mathematical ideas in order 
to facilitate learning mathematics by discovery. 

3 ) Technology 

New computer technology allows not only the introduction of pertinent new 
material into the curriculum and new ways to teach traditional mathematics 
but it also casts doubt on the importance of some of the traditional curri- 
cula, just as the hand calculator casts similar doubts about instruction in 
arithmetic. Particularly noteworthy in this context at the secondary level 
are: 

- Symbolic manipulation systems which even now, but certainly far more in 
the near future, will allow students to do symbolic algebra (and calcu- 
lus) at a far more sophisticated level than they can be expected to do 
with pencil and paper. 
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- computer graphics and the coming videodisc systems which vdll enable 
the presentation and manipulation of geometric and numerical objects in 
ways which should be usable to enhance the presentation of much 
secondary school mathematical material. 

one caveat \Aich we would stress is that this technology and related soft- 
ware packages must be used not to enable students to avoid xinderstanding of 
the essential mathematics but rather to enhance such understanding and to 
allow creative experimentation and discovery by students as well as to 
reduce the naed for tedious computation and manipulation. 

/' 

4) Teacher Training 

There are two aspects of this: 

a) Retraining of current teachers in the new topics, approaches and tech- 
nology. One possible new approach to this might be the use of college 
students to aid and instruct secondary school personnel as part-time 
employees and j^erhaps through such incentives as forgiveness of student 
loans. 

b) Education of new teachers 

Crucial to long-term solution of the secondary school mathematics 
education problem is that the requirements for degrees in mathematics 
education be, as necessary, changed to incorporate modern content and 
approaches. in particular, we believe that all prospective teachers of 
secondary school mathematics should be required to take at least: 

« one year of discrete mathematics in addition to traditional calculus 
requirements 

- one semester or one year of statistics (with focus on statistical 
methods rather than mathematical statistics) 

- one year of computer science « 

5) Implementation 

We recognize that the kinds of changes proposed here not only require much 
more study than has been possible by our panel but that also they will never 
be implemented unless there is dedicated cooperation among: 

- secondary school teachers of mathematics and their professional organi- 
zations 

- c.ollege curriculum people in schools of education and in mathematics, 
departments and including their organizations ' 

- state and local education authorities and their organizations. 
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A conference at an early date bringing together these groups to discuss the 
relevant problems and plan future action might be the most fruitful next 
step to provide some momentum for the changes we believe are necessary. 



WORKING GROUP REPORT: THE ROLE OF TECHNOLOGY 

Computers and related electronic technology are now fundamental features of 
all learning and working environments. Students should be exposed to and 
utilize this technology in all aspects of school experience where these 
devices can play a significant role. 

We recommend: 

1 ) The potential of technology for enhancing the teaching of mathematics 
and many other subjects is vast. Development of such resources should be 
supported at a national level. Specific examples include computer-generated 
graphics, simulations, and video-disc courseware materials. There should be 
efforts to create a network providing easy access to such banks of material. 

2) While computing technology offers promise to enhance learning, differ- 
ential access to the benefits of that technology could widen the gaps in 
educational opportunity v^ich already separate groups in our society • It is 
imperative that every effort be made to provide access to computers and 
their educational potential for all sectors of society. 

3) As a general principle, each mathematics classrocxn should have available 
computers and other related electronic technological devices to facilitate 
the computing and instruction required for mathematics learning and compe- 
tency. Such availability of computers and other electronic technological' 
devices in the mathematics classroom is as important as the availability of 
laboratory equipment for science instruction. 

4) Hand calculators should be available in mauheinatics classrooms (both in 
elementary and secondary schools) for students on the same basis- that text- 
books are now provided. 

5 ) Support should be given for broad developments in sof tware that may be 
useful in the schools. School districts should encourage their teachers and 
students to engage in cooperative development activities and to find ways to 
recognize and disseminate the products of tb.oaa efforts. 

6) Computer literacy involves not only the use of computers to accomplish a 
great spectrum of tasks but also a general understanding of the capabi?/^ "ies 
and limitation of computers and their significance for the structural' our 
society. Development and implementa'':ion of appropriate programs f^. t^tch 
these more general concepts should be supported. 

7) Possible structural changes emanating from technological changes will 
require careful study and deliberations over a long period of time. This 
activity must be encouraged and supported from a national level . The ex- 
ploratory projects bring together teachers , curriculum developers, mathema- 
ticians, and affected interested parties from business and industry. The 
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new programs developed should be tested extensively in a variety of settings 
to insure that they work with real students and schools before extensive 
implementation is attempted • 

8) The interplay between word-processing, computers, data bases, and data 
analysis methods assist in breaking .down barriers between disciplines thus 
offering an opportunity for schools to provide a range of holistic problem- 
solving experiences not typical in school today. Using the technology as an 
aid, students can plan and conduct data collection, analysis, and report 
writing that is realistic, attractive, and far beyond normal expectations in 
today's schools, 

9) The need for well- trained, highly qualified teachers of mathematics is a 
must in a technological society. Support should be given to organizing 
programs for inservice training and retraining of current teachers of 
mathematics (elementary p.nd secondary) who are inadequately prepared to 
teach a technologically-oriented curriculum^ but have the capacity to profit 
from such programs to strengthen their mathem.atical preparation and teaching 
skills, 

10) While technology provides opportunity, it also makes demands. The world 
becomes a more complex place in v^ich to live. If we are to insure that a 
broad spectrum of society can function and participate actively in the 
business/industrial community and decision-making of the country, it is 
imperative that students become adept in the precise, systematic, logical 
thinking that mathematics requires. 



WORKING GROUP REPORT: RELATIONS TO OTHER DISCIPLINES 

As this group has considered the effect of (computational) technology on the 
mathematics curriculum and the need to revise this curriculum in the light 
of this expanding technology, it is also necessary to consider the effect of 
this technology and the proposed curriculum changes on "other disciplines," 
We have interpreted the phrase "other disciplines" rather broadly. 

First, using a narrow view, and thinking in terms of "academic disciplines", 
we must look at the effects these curriculum changes will have on science 
education. There has always been a necessary interaction between the 
science and mathematics curricula. In the case of the high schools where 
the disciplines tend to be separated and segregated, there has always been a 
necessary coordination of syllabi and curricula, particularly with the 
educational programs in the physical soi'>>ices. At a minimum, this revised 
curriculum, \/^ich encourages a good '^^j^^^ of estimation, provid^ em 
opportunity for elementary and high s-'^^^hf/ ^tiication to be more redtf^Mrr 
and eliminate the use of specialized proBiems with "easy numbers," If 
raise our sights a bit, this approach to the mathematics curriculum provides 
an opportunity for a better coordinated and integrated total science educa- 
tion. Furthermore, the introduction of statistica.l ideas, data handling 
procedures, and discrete mathematics provide an opportunity for a more 
mathematical discussion of social sciences progreuns at the elementary and 
high school levels. Similarly, changes in currently available tools will 
undoubtedly affect courses in "business" and commercial programs. 
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Related questions arise on the other side. What do the school programs and 
the college programs in natural sciences, social sciences, and business 
expect or desire in the mathematical preparation of entering students? we 
believe the suggested curriculum can only be an improvement, but discussion 
with leaders of those disciplines are required. 

Taking the broad view, we also believe that this modified curriculum, which 
provides students with the same (or greater) ability to use mathematics as 
well as an cibility to use and appreciate the technology, will provide for a 
wiser citizenry. The graduates of such a program should be better equipped 
to deal with "poll results" and statistical data references to the economy 
and sociological problems. 

We believe there is one serious area in which the nation needs more data for 
the development of an appropriate mathematics curriculum, Nar.elyj vhat are 
the needs, in terms of mathematical skills, of the students wbo se'?k tcchni-- 
cal vocational employment without going on to further schooling? What aro 
the needs of students going on to technical or vocational schools? Never- 
theless, we believe the new curriculum will do at least as good a job as the 
existing one, A conference or meeting to explore this area would be an ex- 
cellent idea and complement our work, 

WORKING GROUP REPORT: TEACHER SUPPLY, HDUCATION AND RE-EDUCATION 

Efforts to improve and up-date the mathematics curriculum and to increase 
the mathematics, science, and technology literacy of all citizens require 
the support of qualified mathematics teachers at all levels. At present 
there is a serious and well-documented shortage of teachers of mathematics 
at the elementary and secondary school levels in many areas of the country. 
Economic , employment, and social conditions forecast that the current short 
supply may indeed be a long-term problem. Furthermore, even in geographic 
locations where adequate supplies exist the frequent turnover of mathematics 
teachers tends to impede learning. 

The following recommendations address the need to increase the supply of 
mathematics teachers as well as improve the qxiality of the teaching and 
thereby the learning of mathematics: 

1) While state and local efforts by industry, business, and academia to 
deal with .the teacher shortage are laudable, and should continue, the 
magnitude of the problem is national in scope. An articulated national 
commitment with federal leadership and support is needed for its resolution. 
The public should be made aware of the problem through more effective 
publicity, 

2) Incentives of all types need to be studied to attract and retain quali- 
fied teachers of mathematics. Financial incentives should be given special 
attention with priority assigned to those which do not create undue inequi- 
ties and tensions among colleagues in order to avoid being counter-produc- 
tive. Examples of following incentives and support systems include the fol- 
lowing: 
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a) Forgiveness on student loans or interest on loans for those \*io 
enter the teaching field 

b) Higher entry level salaries for those with special expertise (e.g., 
computer training ) 

c) Reduced teaching loads to allow mathematics teachers to pursue 
graduate studies or other advanced training in mathematical sciences 
and applied areas 

d) Financial support for graduate study or other advanced training in 
mathematical sciences and applied areas 

e) Salary differentials by discipline 

f) Summer positions and other cooperative arrangements with business 
and industry to supplement a teachers income (with the obvious 
caveat that the short supply of teachers is largely due to the fact 
that higher industrial salaries lure teachers away; industry would 
have to be discouraged from using this arrangement for recruitment 
purposes) . 

3) In an era when content and technology are changing so rapidly incentives 
are needed to keep qualified teachers in the field abreast of current trends 
in the mathematical sciences. Inservice workshops, NSF-type institutes, 
retraining courses, industrial experiences, and other forms of continuing 
education can serve to refresh the faculty and renew their commitment to 
teaching. 

4) In some parts of the country, teachers from other disciplines are beinq 
assigned to teach mathematics classes. These teachers need special subject 
matter training and assistance in developing appropriate teaching strategies 
in order to succeed in their new assignments. 

5) Encouraging colleges and universities to loan their faculty and business 
and industry to loan their mathematically-oriented employees to teach 
courses in the secondary schools covild be mutually beneficial. fiualified 
retirees or near retirees might also be recruited to enter the teaching 
field. Exposing college and university teachers to the high school 
experience might be enlightening and beneficial for them. (Of course, the 
issues of appropriate teacher training and certification need to be 
addressed.) 

6) In states where this is not the norm, it is recanmended that teacher 
certification requirements be stated in terms of specific topics to be 
covered in the subject area rather than in terms of just total number of 
credits. 



7) Recommendations regarding the mathematical fundamentals to be covered in 
educating qualified, teachers of mathematics include: 

a) Elementary level 

It ii strongly suggested that mathematics at the Elementary school level 
be taught by teachers v^o specialize in matl^miatics. Whether the teach- 
er specializing in mathematics should be aeoigned to all grades or just 
to grades 4-6 (or 4-8) requires further study. An alternative approach 
would be to identify those teachers in a given jnchool who most 



154 -^O? 



enjoy teaching mathematics. Those teachers could be assigned to teach 
all mathematics courses across a grade level, \*iile other teachers do 
similarly in reading and writing. 

The following recommendations pertain to both the regular elementary 
school teacher and the teacher specializing in mathematics: 

For entry into the mathematics education program for elementary school 
teachers, at least three years of college-track mathematics in high 
school are recommended. College mathematics courses should provide a 
sufficient background to understand the relationships between algebra 
and geometry, functions, elementary probability and statistics, 
instruction in the use of a hand-held calculator, and some exposure to 
computers. Creative approaches to problem- solving should also be 
included in the curriculum. Training should be at least a level above 
what is being taught. This background is particularly important in 
light of children's awareness of the world around them through 
television, other media, computers, and so on. 

b) Secondary level 

Secondary school mathematics teachers should have course work in 
mathematics equivalent to a major in mathematics. Requirements for 
those v*io will teach mathematics should include the equivalent of a 
two-year calculus and linear algebra sequence, discrete mathematics, 
probability and statistics, and appropriate computer training. These 
courses should develop in the student a sense of "mathematical maturity" 
in the approach to problem-solving. 

Note: college and university curricula for educating mathematics teachers 
should be re-examined and revised in accordance with the above guidelines 
and goals. Contingency plans should be developed in case separate 
departments of mathematics and computer science are established at the 
secondary level in the future, 

> 

III* Conclusion 

The recommendations cited here require careful planning and implementation. 
With high technology a mainstay of our present and futiore society, it is im- 
perative that wa recognize, and promote mathematics as a powerful, useful, 
and enjoyable component of our lives. 
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INSTRUCTION -BOR DEVELOPMENT OP UNDERSTANDING 



Jim Minstrell 
science and Mathematics 
Mercer Island High School 
Mercer Island, Washington 98040 



PREFACE 

Although there are many important aspects of instruction which might have been 
included in this paper, i have chosen to focus on Instruction for the Develop- 
ment of Understanding. In my opinion, when students understand ideas, they 
are more literate cibout scientific language and ideas; they are better able to 
solve problems which involve scientific ideas; they are better able to reason 
about the natural world; they are more likely to value the scientific ways of 
knowing; they are more comfortable about the world around them. Whatever our 
reasons for studying science, I believe they are enhanced by a better under- 
standing of the ideas of science and of the processes by which those ideas are 
developed. 



Existence of initial Conceptions 

Research suggests that students enter science classes with their own ideas 
about the world ..17^^3,4/ often they are unable to articulate their mental 
framework, but when confronted with a situation, they will make, with consi- 
derable conviction, a prediction of what will happen in the situation. One 
might think that these are unreasoned guesses, yet responses made by introduc- 
tory physics students bear a similarity in terms of both the predictions 
themselves and the reasoning used to support these predictions • Large propor- 
tions of entering physics students believe, for example, that stationary, 
rigid objects do not exert forces; that a constant unbalanced force is requir- 
ed to keep an object moving with a constant velocity; that components of mo- 
tion in two directions (e.g., vertical and horizontal) are not independent; 
that heavier objects fall faster; that images are located on the surfaces of 
mirrors; that the temperature of ice is always 32° P; that the earth's shadow 
causes the crescent phase of the moon; and that air pressure causes gravity. 
All of these views have some basis in prior experience. I refer to these ini- 
tial conceptions as "alternative conceptions," because they are alternative to 
the current view of science. 

Many alternative conceptions not only appear as students make predictions 
about what will happen in a particular situation, they also are revealed when 
students describe representations of the natural world. A careful analysis of 
errors made in interpreting graphs has revealed that some students confuse the 
line on a position versus time line graph with the actual path of travel. A 
graph which is concave downward, for example, is not interpreted as repre- 
senting slowing down or a possible change in direction but rather a veering to 
the right along a. curved path. Many students interpret the intersection of 
two ve].ocity vs time graphs to mean that the two objects have the same 
position 
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These alternative conceptions have significance for how we use representa- 
tives in science classes. 

Alternative conceptions exist before students enter the science classroom 
and some develop early in the instruction. Students may begin' to organize a 
new set of phenomena through analogical reasoning. Often the analog \^ich 
they have selected does not adequately represent the entire set of pheno- 
mena. For example, after manipulating and observing several combinations of 
bulbs in series and " in parallel circuits, students may conclude that ^Alat 
they have seen can be represented by water flowing through pipes with 
sprinklers taking the role oJ„ the bulbs. While there is some similarity 
between the flow of electricity and the flow of water, this common analog is 
inadequate. It is an alternative to the present understanding of resistance 
and flow in a circuit. 

The existence of these alternative conceptions has direct implications for 
our instruction. Much of the present instructional materials and techniques 
reflect the assumption that students enter science classes with minds like 
blank slates. We have often begun to cover vhese slates with new ideas with- 
out acknowledging that there are alternative conceptions already upon them. 
Philosophers from the past (Socrates, Galileo, Dewey, and piaget among them) 
have advocated that teachers begin with students' present understandings and 
guide development from there. This is my position also. This paper 
presents a style of instruction aimed at the development of understanding 
which acknowledges the existence of initial alternative conceptions. 



Engagement of Initial Conceptions 

If the instruction is to take into consideration the initial conceptions 
which the students have, one must begin by drawing- these ideas from the 
students. One specific way to learn about students' conceptions is to pre- 
sent the students with a situation which has been known from past classroom 
experience to elicit a variety of responses. Describe the situation and ask 
them for their predictions and how they arrived at those predictions. 

For example, in the context of gravity, I ask my students, "If a wooden ball 
and a metal ball (same size but about five times as heavy) are dropped from 
the same height, v^ich will reach the floor sooner? How will the times of 
fall compare?" I find that about one quarter of my students respond with the 
prediction that the heavier ball will take less time; many say it will take 
about one-fifth of the time of the wooden ball, cin answer consistent with 
that of Aristotle, After making this prediction, these students are 
generally surprised when they observe the two balls falling together and 
making one sound ^en tliey hit the floor. When the students consider their 
own ideas in the light of this concrete evidence, they are likely to recon- 
sider their initial thinking and search for a more, consistent conception. 

Another technique is to ask students to explain an observation they've made. 
For example, "You' ve seen a crescent shaped moon. What causes the dark, 
part of this phase of the moon?" The response of nearly half of my students 
is that the earth causes the shadow on the face of the moon and that it 
occurs when the moon and son are on opposite sides of the earth (a situation 



the scientist calls an eclipse). 



At times the experience of participating in a show of hands will require 
students to make a commitment to one point of view or another and, as a 
result, heighten the students • readiness for conceptual change. For exam- 
ple, prior to a demonstration discussion of forces ..on static objects, I have 
asked students to consider a book on a table. i ask how many believe the 
table exerts an upward force and how many believe the table does not. 
Approximately 50% of the students "voted" for each alternative. On this 
issue, there were bright, articulate students on both sides and the stage 
was set for a lively discussion*^^/ 

All of these techniques have a common goal^ to encourage students to verba- 
lize their initial understanding and to have them record the understanding 
in writing or publicly so they have made some commitment to it. Making this 
commitment involves them immediately in the learning process. It engages 
their thought structure. Their alternative conceptions have served them 
well; they have allowed them to make predictions or explanations. It re- 
quires a convincing, concrete experience which conflicts with their concep- 
tions before the initial thinking will be modified or replaced. Without 
raising the initial conception to an awareness or commitment level, it is 
possible for students to fail to recognize the conflict between new evidence 
and their primitive understandings. Unless students' present understandings 
are explored, new experiences can be learned context in which they are pre- 
sented, but students may rely on their old framework v^hen presented with a 
related situation in a different context. 



Direct, First-hand Experience 

In the development of understanding, it is particularly important to have 
early observational experiences relate to the initial conceptions which have 
been articulated by students. This provides students with an opportunity to 
determine >^ether their initial ideas (recently raised to awareness) are 
adequate and consistent in terms of explaining the new phenomena. Students' 
interest is already heightened v^en there is a lack of consensus in the 
class. They are ready to explore and resolve their conflicting positions. 
In the case of the gravity example, I drop objects of different materials, 
shapes, sizes, colors (?), etc., and observe the results* For the crescent 
moon, I ask students to record their observations the next time they see a 
crescent phase, also observe and record the location of the sun. Hypothe- 
sizing the existence of an upward force exerted by the table seems more rea- 
sonable after experiences of hands and springs supporting books and after 
observing the sagging of a table under a heavy weight. 

The sequencing of activities can have a profound effect. Earlier experi- 
ences v^iich relate to initial conceptions should be as concrete and directly 
related to observations as possible. More abstract experiences should come 
later. This may sound like familiar advice, but in some cases it can mean 
breaking with the liraditional order of curriculum. For example, most phy- 
sics instruction dealing with forces on moving objects begins with an object 
moving at a constant velocity (applying Newton's First Law) and proceeds to 
the accelerating case (Newton's Second Law). The development of my 



students' understanding has been enhanced by reversing the order. Using a 
spring scale and a cart, students can record data related to the motion of the 
cart, and readily experience that a constant unbalanced force produces con- 
stant acceleration. They are then ready for a logical argument (constant 
velocity can't be explained by a constant unbalanced force, an increasing un- 
balanced force, or a decreasing unbalanced force, therefore ••• ) to show that a 
constant velocity can be explained by requiring no unbalanced force. It is my 
experience that students are prepared to accept and understand that there can 
be constant velocity without an unbalanced force once they have experienced 
the effect of a constant unbalanced force on an object; the abstract following 
the concrete experience*^/ 

Interaction Between Experience and Alternative Conception 

When students realize that evidence from their experience is in conflict 
with their existing ideas, they often are ready for the development of a new 
understanding. They are more willing to reconsider their alternative ideas 
and perhaps alter them or reject them ' in favor of an idea more consistent 
with the experience. 

In some cases, the phenomena of the first-hand experiences are themselves conir-. 
pelling enough to suggest a need for resolution of differences. For example, 
if the students' initial idea is that heavy objects fall in times inversely 
proportional to their weight, when they experience objects falling together, 
they recognize the discrepancy with their prediction and are ready to use some 
help resolving the conflict. 

In other cases, the students need to have the discrepancy between their 
ideas and their experience pointed out to them. Consider those students who 
believe the earth's shadow caused the dark part of the crescent phase of the 
moon. Many of them went on to make and record elaborate observations of the 
moon and sun positions at various times for a month or two. It wasn't until 
I pointed out to them that they had recorded observations of the crescent 
moon during the midday while the sun was also high in the sky that they per- 
ceived a discrepancy between their explanation and their observations. "How 
could the earth cast that shadow when the sun and moon are clearly not on op- 
posite sides of the earth?" They knew their original ideas, and they knew the 
observations they had made, but without the encouragement to note the discre- 
pancy, they may never have paid attention to it. Now, however, they were 
ready to attempt to come up with an explanation for the crescent moon that 
would explain the observations. 

I might note that while many people require a forced interaction like the pre- 
ceeding, others recognize the discrepancy more readily. It is as though they 
carry their conceptions at a higher awareness level. 

Perhaps the most difficult pre-cohceptions to affect are those which cannot 
be shown "wrong" merely by noting discrepancy between ; observations and ini- 
tial conception. The concept of force is such an example. With the book on 
the table, there is no way to "see" the table exert an upward force. With 
these sorts of abstract conceptions, the encouragement of rational thought 
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about a variety of first-hand experiences is necessary and particularly im- 
portant. For example, it was only after the Muscular experience of pushing 
upward to support a book on the outstretched hand and noting thzz the effect 
in all the static object cases was the same, i.e., in each case the object 
was at rest, then the students began seeking a consistent way to explain the 
same outcome for various situations . "if my hand exerts an upward force to 
support the book, I guess the table must do so as well, because they both 
give the same result, "5^ 

Another difficult teaching situation is v;hen concrete observations can be 
made to challenge the initial conception, but the procedure in the experi- 
ence is quite elaborate. The students need careful guidance so that they 
are clear about the purpose and conclusion of the experiment. They may need 
to review proportional reasoning so that they understand the meaning of the 
data they have, obtained • When the experience is completed, and the data 
analyzed, there needs to be an opportunity to consider whether the results 
were consistent with their ideas before the experiment, and if not, how 
might they begin to resolve any discrepancies. 

There are various ways to encourage students to evaluate the results of an 
experience in light of their beginning conceptions. A discussion with 
fellow students, a presentation by the teacher, or reading from a text can 
help tie together their learnings. I prefer class discussions because they 
actively engage students in the resolution process. Once a consensus is 
reached, the process is still not complete. The new idea needs to be tested 
to ensure that it does account for all of the observations \^ich have been 
made. Students need to conclude for themselves that the new idea can ac- 
count for their earlier^experiences as well as the latest classroom experi- 
ence, that it is WDrthy of replacing their initial conception. 

Building a Conceptual Network 

Even the invention of a new conceptual idea to account for an experience 
will not necessarily generate a permanent change in understanding. Two 
other instructional strategies can help. First, it appears that lasting 
change involves change in a network of related concepts. For example, in an 
activity that focused on the arrangement of forces that would keep an object 
stationary, my instructional goal was- to have the students conclude that for 
each force in one direction, there was a force in the other direction to 
balance it (i.e,, the vector sum of the forces would be zero). In the con- 
text of a book at rest on the table, it %raia necessary to discuss the nature 
of force and more specifically how each force could be caused. Ideas that 
the students wanted to discuss included the nature of gravity, air pressure, 
friction, the nature of rigid bodies, animate versus inanimate objects, and 
active versus passive actions. 

After a lenghty discussion involving all of these ideas, most students were 
prepared to believe that the table exerted an upward force equal in magni- 
tude to that of gravity .1/ Those vi^o were not quite ready to believe 
this, at least were willing to consider balanced forces as a tentative way 
of explaining tJie "at rest" condition of an object. A willingness to adopt 
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the idea of a table exerting force seemed to depend on small changes in under- 
standing of several other concepts as well. 

A second factor which enhances lasting conceptual change is the extension of 
a concept into other contexts in subsequent lessons or units. For example, 
in the context of circular motion, it appears useful to revisit some of the 
arguments used in generating the idea of inertia. "When an object is travel- 
ling in circular itotion at a constant speed, is it necessary to have a 
•forward' force? a force away from the center of the circle? a force tovrard 
the center of the circle? Under the influence of each of these forces what 
would be the resulting motion?" Earlier while developing ideas about forces 
on moving objects, our introductory physics students could understand, and 
even suggested the logical conclusion, that no unbalanced force is necessary 
to-iceep an object moving with a constant velocity. They could even use it in 
most other situations involving straight line motion, but the power and long 
term understanding was enhanced by repeatedly facing new situations, new con- 
texts, having to explain them, and coming to one's own realization that no 
forward, unbalanced force was necessary to explain circular motion, projectile 
motion, or constant velocity against resistive forces, etc. Our results show 
that when ideas and arguments developed by the class during early discussions 
are used to help develop other ideas in subsequent units, then those ideas and 
arguments take on more lasting meaning. 
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In preparation for this conference, I was asked to characterize ideal 
science instruction from my point of view. Realizing that I could not cover 
every attribute science instruction, I chose to concentrate on describing 
instruction which will promote the development of understanding of ideas. 
By acknowledcing the existence of alternative conceptions, by identifying 
and engaging 'students' initial ideas, by giving them first-hand concrete ex- 
periences to challenge or reinforce their understanding, by comparing their 
beginning ideas with their recont observations, and by extending new ideas 
into a! network of other developing ideas and other contexts, then 
help students learn and retain the ideas and processes for developing ideas 
in science. If we can change students' understanding to a level more con- 
sistent with the phenomena of the natural world, then we have achieved a 
major goal of any science class. 

ACKNOWLEDGEMENTS 

The author would like to acknowledge the assistance of Virginia Stimpson in 
the preparation of this paper. I appreciate her efforts and t^e efforts of 
my students and Mercer Island School District toward the improvement of m- 
struct! on. 

This research was supported in part by the National Science Foundation 
(RISE) and the National Institute of Education. Any opinions, findings, 
conclusions, or recommendations expressed are those of the author and do not 
necessarily reflect the views of NSF or NIE. 



164 



1 61 



REFERENCES 



American jo^^na^'of^r'- - Introductory Mechanics," 

American Journal of Physics . January, 1982. 

Absence IV ^;ern?i°f^''' "Curvilinear Motion in the 

Z-T.Tr. n ^""t Naive Beliefs about the Motion of Objects," 

Science , December, 1980. wujcots, 

of^^t^rrV. "'^Tf"^'- Development Research in the Natural setting 
National Educational Association, 1982. 

.McD'ermott, L and D. Trowbridge, "An Investigation of Student Under- 
SSyf Ma"ch?T9r. " ^^""^^ 

ficaSoi^;f^;%i''°"''^''''"^^ understanding of Physics Students and Identi- 
faED BO-23087) and Proposal to NSP (grant SED 81-13590), 1981. 



1G5 



162 



READING RESEARCH AND READING PRACTICE 



Richard C. Anderson 
Center for the Study of Reading 
University of Illinois 
Champaign , Illinois 6 1820 

There will be three parts to this paper. Firsts I vail summarize major 
ideas about the process of reading that have emerged from research. 
Second, I will discuss problems with education that undermine the qiiality 
of the reading instruction that children in this nation receive. Finally, 
and more briefly since this \9as not my specific charge, I will cc«nment on 
how computer technology might be used to capitalize on v^at we have learned 
is fundamental in the reading process and to ameliorate the problems in 
current school reading programs. 

Nature of the Reading Process 

I suppose thv^t there is one point upon vAiich the lay public, the 
professional educator, and the cognitive scientist are in complete 
agreement, namely ttiat reading is — or ought to be — a generalizable or 
transferable ski lip Where the public's view falls down is in the 
assumption that what gives reading skill its generaliz ability is 
understanding of letter-sound correspondences. From this assumption comes 
the conviction that the major emphasis in reading research ought to be to 
see how phonics works and the major emphasis in reading instruction ought to 
be on getting phonics across to our youngsters. 

Please be clear that the public is not entirely wrong about phonics. ^ 
Research leaves no doubt that good readers have a facile understanding of 
the relationships between print, sounds, and meanings v^ereas lack of 
understanding of these relationships is a most notable shortcoming of most 
poor readers (see Perfetti & Lesgold, 1977). The preponderance of evidence 
from instructional research favors direct instruction in phonics as a part 
of tlie beginning reading program (see Pflauni, Walberg, Karegiances, and 
Rasher, 1980; Williams, 1982). 

The problem with the preoccupation that some segmer\ts of the public have 
with phonics is that the view is too limited. In the words of S. J. 
Samuels, 1982, p. 17, "the development of automatic decoding is but a 
single factor among many factors v^ich influence comprehension and cannot 
carry the entire burden and responsibility for ensuring skilled reading. 
Accuracy and speed of decoding are necessary but not sufficient conditions 
for good comprehension." Beyond decoding there are at least three other 
requirements tor a high level of reading comprehension. 

The first is that the reader possess the organized knowledge, or schema, 
presupposed by the text. Consider, for instance, a chapter from an 
elementary school geography textbooku It is very likely to simply 
presuppose the knowledge that a country is a political subdivision, that 
countries have different kinds of governmentSe that countries have 
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locations on the surface of the earth that can be characterized in various 
ways, that countries have climates and economies, that climates and econo- 
mies interact, that countries have histories and cultures, and so on. A deep 
knowledge of any of the concepts that are part of geography would in turn 
entail a large infrastructure of supporting knowledge. 

So, young readers who are able to translate correctly the printed symbols on 
the pages of a geography textbook still will not be able to understand the 
material unless they possess the prerequisite knowledge. Evidence has 
accumulated that the schema embodying what a person knows about a topic is 
one of the principal determiners of how much he or she will canprehend or 
learn from new material on this topic (Adams & Bruce, 1980; Anderson 
1983). ' 

Questions about how schemas are organized and the specific manner in which 
schemas facilitate reading are currently receiving active attention from 
researchers in several disciplines. For example, there is a growing body 
of research on the structured knowledge required to understand simple 
stories of the sort found in basal readers. Formal representations of 
"story schemas" have been proposed, subjected to empirical test, criti- 
cized, and refined (see Stein & Trabasso, 1983). 

Schema theory has strong implications for reading and reading instruction. 
The most general one is that it is a mistake to make narrowly linguistic 
assumptions about reading. Any knowledge a child might acquire could 
eventually help that child understand some text or other. A curriculum 
empty of anything but drill on words and grammar is likely to produce empty, 
noncomprehending readers. ^ ^' 

Schema theory also has a number of specific implications for curriculum and 
instructions. Young children and less able children of every age 
frequently do not possess t:ha knowledge presupposed by authors of texts 
they are expected to read. More newsworthy, even v^en they do possess the 
needed knowledge, they often do not activate it and bring it to bear; that 
is, they tend not to reason about texts in the light of what they already 
know (Owings, Petersen, Bransford, Morris & Steiu, 1980). 

Instructional research has demonstrated that there are straightforward pro- 
cedures that will help young and less able children use what they know while 
reading. For instance, children who get a regimen of discussion relating 
what they know to an upcoming reading selection schema activating discus- 
sions, if you will— show general benefits in reading new texts (Hansen. 
1982). 

My second major theme is that proficient reading requires command of strate- 
gies, tactics, and procedures, of course, procedures are part of knowledge 
in every domain and such procedural knowledge may be required for reading 
comprehension. For instance, knowing how to take blood pressure may be 
required for an understanding of a ^nedical text and knowing how to execute a 
squeeze play may be required fcr an understanding of a baseball story. 

Of general importance for reading is a class of mental procedures for which 
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the term metacognition has been coined. "Metacognition" means knowledge 
about how one's mind works. A substantial body of evidence indicates that 
insight into the workings of the mind, how to use the mind efficiently when 
reading, and what to do when the mind fails to work wall are critical to 
skilled reading. It is well-known that many children who do not have prob- 
lems with primary school, narratives, experience breakdowns later when they 
must try to learn from science and social studies textbooks. A closer look 
indicates that one reason for this is that such children do not understand 
that reading entails management of their own cognitive resources. They are 
not planful; they do not get nlear on the goals for reading; they do not 
monitor progress in reaching these goals; they do not engage in mental re- 
view to assay whether infor^aation they are supposed to be getting is still 
held in memory (Brown, Bransford, Ferrara, Campione, 1983). 

instructional research indicates that direct instruction in metacognitive 
strategies can lead to generalized improvement in reading comprehension. 
Notably, Palincsar (1983) has developed a technique called "reciprocal 
teaching," an important part of which is having a teacher and children al- 
ternate roles in asking and answering good questions about sections of text. 
Apparently the children learn to think about vSiat the important questions 
a-e as they read and to monit.or their comprehension in terms of whether they 
are able to answer these questions. Reciprocal teaching has produced ex- 
cellent results with middle school students whose word identification skills 
are satisfactory but who lag a couple of years behind their agemates in 
reading comprehension. Especially significant is the fact that the children 
show improved performance in science and social studies class when the 
special teacher and environment are not present. 

The third big theme that has been supported by recent research is that good 
readers are fluent readers. The theory to explain why fluency is important 
is that when a process has bean very wsll-learned it becomes automatic and 
can be done with little or no attention. People's attention capacity is 
limited. Thus, the more automatic each process in reading the better; the 
attention saved on one process can be invested in another. The hypothesis 
is for instance, that a child who is fast and accurate at word identifica- 
tion will have more capacity available to reason about the flow of argument 
in a text whereas the child who is laboriously sounding out words letter by 
letter and syllable by syllable— even when the words eventually are identi- 
fied correctly-will have little capacity left to deal with the text's 
meaning. 

Research on automaticity has dealt with the lowest level processes in read- 
ing identifying words and bringing to mind their meanings; however, it is a 
plausible conjecture that the principle applies to higher level processes in 
reading as well (Samuels, 1982) . 

in summary, research of the last decade s--ggests that for a high level. of 
reading comprehension, the reader must have a schema that can serve as the 
framework for understanding and assimilating the information in the text, 
must have m etacognit: v e str ategies for managing the proce-ines that give 
bij-th to understanding , ' (earning, and must have mastered component pro- 
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ciL^s to'T^'hTahTfr? T learning, and n,ust have mastered component pro- 
cesses to a high level of automaticity so that attention bottlenecks do not 
cause comprehension breakdownsT DotiixenecKs do not 

Status of School Reading Programs 

L^iJ ^^T^ problems that give cause for alarm about the quality of 

^^ot L''!, programs. The first is the precipitous declin ^ver thf 

last decade in the talent of teachers. 

Ts TL^oiT.Tj °' ^ ''^"^''^ -5^°°«ing education 

SolTafes-ard ^Xe^ti" .^^^^^^^^ 

?f£Se.^n^^^^ — £-b^ 

mirrored at every education department in the country. 

And the story gets worse. A recent article by Kerr (1983) summarizes evi- 
dence indicating that talented people continue to leave teiT^nq at evlr^ 

thosrv^"^""'-""""^""""""^ ^° initially elect an education Irr'cul^"^ 
those «ho remain are less able than those who switch majors. L^g grad^I 
tes who get a teaching certificate, those who search for a ;eaS ^ob are 
less able than those who do not. Among those who are intervie^d for teac^ 

ioi^rwh'th:; rs'h"'' ^^^^ -'"i-- wh° 

not. (Whether this happens because of further self-selection on the part of 

s'eLs'^to L'ow"; '"'"'"h^-!, °" °' administrators, ^o onf 

teachi^a Sr V v. ^^"'^^^f ^° <3et teaching jobs, those who remain in 

oSer ?Lld8. ^''^^ careers in 

tH^JT''''''. '^^^^^"^"^ talent Of teachers are not hard to find. 
There ha.en" t been jobs available because the downswing in the populatioi^ 
cycle has meant a period of falling school enrollments. Teachers ^saJaries 
fZlJ:: '° professions during the past decade! "he 

teacMni TroJeTi "'""^'^ \ ^^^-^ entering 

teaching profession has remained approximately constant over the last ten 

Jh:"bril\"".-'^.r' ^ ^'^^^ '^"^ t^^-t °f --n. Many Of 

the bright, highly-motivated women who used to enter teachina .To 

getting mBAs, law degrees, engineering degrees, m:Si:al degrees- and Z 
shouldn't they? But the fact poses a problem for education. 

A second major problem is the quality of school reading materials Bv 

:^::iairv "'er?'^''' ' '"'•^^ ^^^^^ readers-the graded ^^S^Iogie^ 

especially prepared for use in teaching reading (2) textbooVQ in JrZi =i 
studies and science, (3) teacher's manuLs, and^4; 'JorrofkraV^J^:.^:^ 



The center for the Study of Reading has made a major . auestment in the 
and exaL T'°°' T^'""" materials, so i have available vol^^s of da^^ 
:n1yTbS:f s^:ar;!^"°"' ' ^^""^^ '''''' — - permits 
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with respect to basal readers, they are different in important ways from 
material for children that can be found in a library or a book store. For 
instance, they less often reveal directly the feelings, goals and motives of 
characters (Bruce, 1983). Probably this makes basal reader stories both 
less interesting and harder to xinderstand. 

It is easy to be a sensationalist if one chooses examples from the very 
earliest selections in basal readers. These selections frequently do not 
tell a story. They do not tell a story because they have been graded 
according to something called a "readability formula," For those among you 
who are uninitiated, a readability formula says, "Use easy words. Use short 
sentences." In the first grade, this means extremely easy words and extre- 
mely short "entences. 

The readability formula has a baleful influence on school reading materials. 
Early basal reader selections are full of words such as "he", "it", and 
"one." The problem is that it is frequently impossible to determine the 
referents of these terms. Thus, the text has been made more readable in 
only a superficial sense. It has been made less readable by any reasonable 
definition. 

At all grade levels, short sentences are frequently achieved at the expense 
of coherence (Davison, 1983). Connecting words such as "after", and "but" 
are removed. The consequence is that the children are left to figure out on 
their own how the propositions are supposed to be related to one another. 

My colleagues and I believe that textbooks in social studies and science are 
distressingly poor. Many consist of little more than vaguely related lists 
of facts. Abrupt, unmotivated transitions are frequent. Textbooks are as 
likely to emphasize a trivial, detail or a colorful anecdote as a fundamental 
principle. 

For instance, in a section of a text about the building of the transcon- 
tinental railroad, one quarter of the words and the most salient paragraph 
in the text was about someone named Leland Stanford v^o in Promontory, Utah 
on May 10, 1869 swung a sledge hammer at a golden spike and missed. A close 
analyjsis of the sections from several textbooks on the building cf the 
transcontinental railroad revealed that none of them explained clearly why 
people in this country wanted to build the railroad, what the plans were for 
accomplishing the task, how it was actually done, or v^at happened as a con- 
sequence (Armbruster, 1982) . 

According to publishing executives, thera is an insatiable demand for work- 
books and exercise sheets among school teachers. Ohis is regrettable since a 
thoughtful analysis by Osborn (1983) suggests that such "seatwork" is seldom 
instructive for children v^o do not understand some skill . On the other 
hand, for children v^o do understand it, the sheet is probably busy work. 
The directions for workbook pages and exercise sheet© are frequently confus- 
ing for the hard-to- teach child. Responding to pages and sheets involves 
circling letters, drawing lines, or writing words in blanks. It almos.t 
never involves writing as much as a v^ole sentence. 
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As a rule there is little correlation between seatwork exercises and the 
basal reader selections and lesson guidelines in the teacher's manual, one 
reason for this is that it is current practice in the publishing industry 
for independent teams of people to prepare these components. Often seatwork 
exercises are subcontracted to other publishing companies* 

A thorough study of teachers' manuals indicates that most contain a smorgas^ 
bord of suggestions that encourage teachers to flit from topic to topic and 
activity to activity (Durkin, 1983). This is part of the explanation for 
the fact that the typical reading lesson is disjointed (Mason, 1983) . 
Manuals are painfully explicit where reasonable people would be able to 
figure out what to do on their own, but they become vague and sketchy where 
what a teacher ought to do to bring life to a worthwhile lesson might be 
difficult to conceive. There are surprisingly few suggestions for direct 
instruction in teacher's manuals. Most space is given to suggesting 
questions to be asked and to recommendations for practice and review. 

Systematic observation indicates that there is very little actual instruct 
tion in reading in most classrooms. Durkin (1978-79) completed three 
studies involving a total of 17,977 minutes of observation during reading 
and social studies periods in a number of third through sixth grade class- 
rooms in several Illinois schools. Of this total, she found only 82 minutes 
that she was willing to count as direct, teacher-led instruction in study 
skills or in reading comprehension beyond the level of individual words. 
This amounts to a little less than one-half of one percent of the time. a 
strict definition of instruction was used in these studies, according to 
which, for instance, all questioning was classified as assessment, not in- 
struction. Still, these and other studies around North America (e.g. , 
Neilson & Rennie, 1981) show little instruction by anyone's definition. 

What does happen during read.'ng period? In the typical classroom in the 
first three or four grades, the children are divided into several groups 
according to ability. while one group works with the teacher, the others 
complete skill sheets at their seats. The children in the reading group are 
introduced to the new words in the day's basal reader story. Then the story 
is read. it may be read silently, but more often the children take turns 
reading it aloud with corrections of mistakes by the teacher as needed. 
Next the story is discussed and the teacher may provide instruction in some 
aspect of reading. Finally, directions for seatwork are given. 

Taking turns reading the day's story aloud is an activity that consumes a 
lot of reading period time. This practice is generally deplored by reading 
educators. Even casual classroom observation will reveal that it is boring 
and inefficient. A good, recent study completed by Leinhartdt, Zigmond, 
and Cooley (1981) showed a negligible relationship between the amount of 
class time children spend in oral reading and gains in reading profi- 
ciency. 

By far the greatest amount of time during the reading period in most class- 
rooms is devoted to workbooks ^ and exercise sheets. Estimates range from 
35% to as high as 70% (L. Anderson, 1983; Mason, 1983). Leinhardt, Zigmond, 



,.acl a nonsignificant relatior Ip — tr<-"riing negative—between 
int a spent on seatwork and gains in reading. 

m the Leinhardt, Zigmond, and Cooley study, the classroom activities that 
had significant positive associations with improvement in reading were 
amount of silent reading and amount of direct, teacher-led instruction. 
The problem is that there is very little time devoted to silent reading in 
most classrooms and, to repeat, there is even less direct reading instruc- 
tion. Leinhardt, Zigmond, and Cooley (pp. 357-358) "observed students 
engaging in many nonreading activities throughout the day, even during times 
that were set aside for reading. For example we found close to one hour of 
each student's day was spent on management chores or waiting... Teachers 
used an average of only one minute per day... to explain or model correct 
elements of reading. Teachers must organize their time so that these 
activities are increased." 

A fourth and final problem is inadequate teacher education, supervision and 
staff development. Teacher education in this country, perhaps never what 
it should be, is now in disarray (see Sykes, 1982, for an analysis). With 
respect to supervision and staff development, school effectiveness resefirch 
indicates that schools in which there is strong instructional leadership 
and in-classroom help for teachers produce gains beyond the expected on a 
variety of indices (see Samuels, 1981, for a summary of this research as it 
related to reading). Regrettably, there is not a tradition in this country 
of principals being instructional leaders. While there is state and local 
variation, too often the elementary school principal is a former high 
school teacher who has never taught a child to read , and never tried to cope 
with a child who cannot read. 

-".'her candidate for the role of instructional leader is the reading 
•specialist," usually a person vho was a good classroom teacher vAio has 
received extra training in reading. Unfortunately, reading specialists are 
deployed as remedial teachers who pull children out of regular classes to 
provide one-on-one instruction. This interrupts the regular teacher's 
lesson. Indeed, I have heard reports upon more than one occasion of 
children being taken out of class during the reading period in order to 
receive reading instruction! Pull-out remedial programs are costly and 
inefficient. Common sense suggests that they lead to divided and diminished 
responsibility; no one is fully accountable when children fail to learn to 
read . 

I have painted a bleak picture of reading instruction in the United States 
t day, but I submit that within the limits of available data it is an 
accurate picture. 

computers and Reading 

Can computer technology help solve the problems in reading instruction? 
well, there is no doubt that it could help. I am not sanguine about much 
help within the foreseeable future, however, because despite our best inten- 
tions, it is my expectation that the principal ' use of computers in 



reading over the next decade is going to be to automate practices of da 
bious educational value. Most of the programs I see sweeping onto tl.^ m^rl 
ketplaco could be called automated workbooks dressed up as games? 

There is no a priori reason to suppose that the edagogical acumen of oeo- 
Ple who write computer software is going to be ' any^eater thTn Sat of 
people who write paper-and-pencil workbooks. m fac?, probably t^esa^f 
Mifmr^irbr" '° '° ^^^^"^'^ ----^ for Ginn or S^ughSn 

fi^re Thus m'v ."'.f ""'7'"' '° ''"""^ Instruments in the 

Toon --,7 r ' ^ ^smal forecast is that educational researchers in the 
1990S will find that whereas children spend much of their school day at a 
computer terminal there is slight relationship between time engaged with the 
computer and progress in reading. . "® 

If computer technology is to make a positive contribution to reading in- 

iTnlllnl;. " ^"""^ ""'"""^ development effort will be required 7 J. 

mention three projects that may be worth the investment. 

curre"?;' sTa^e' frt." long lead time and nontrivial advances beyond the 
systems slch . development of int elligent tutoring 

ffrfe'rta^n domH "T^i" / °' expert's knowledge of textf 

^1 \ a model of the learner's current state of knowledge 

and teaching strategies. Collins and Stevens' (1983) analysis of SocrS; 
teaching might serve as the basis for the development of one kind of inS! 

viable for use with school children, they would be valuable as models of 
exemplary instruction for human teachers. nioaeis ot 

Another difficult, but probably achievable goal is computer aided diagnosis 
of reading di ff^^^ities . Reading is only a partially observable, fSflffg 
decomposable process, it is best conceived as a system cf interlcSng cL! 
ponent processes (see Rumelhart s McClelland, 1981 ). This means tha^ r^t 
difficulties cannot be counted upon to wear their sy.-nptoms on their sleeves 
and tills IS one reason that much that passes for diagnosis in reading^rge^ 
"La^^n"cM^dre achievement of Brown and Burton (1978) in Ldl2ng 

possible? ^''"'^^^"^ procedures for doing arithmetic illustrates what may be 

An application that is possible now is using computer technology to extend 
learning environments . Several groups are developing child-orLnted^^ 
processors and computer networks that link children so that they can ^r- 
respond with one another and work jointly on projects such as school news- 
papers. The computer serves as an aid that allows the child to keep^c- 
hanics like spelling under control and make them subservient to larger and 
uxtimately more important goals of communication. 

Sris'^'a^ """l^ '^T^'" ' underline the point that the compu- 

ter is, at most, a small part of the solution to improving literacy in this 
country. For large and lasting improvements in standards of literacy 
salaries and working conditions must be improved so that a continuing suppl^ 
of talented people will choose to become teachers, remain in the profession 
and advance to positions of leadership. The most pressing material need of 
the schools is better books. ^ 
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fndeed, it gives one an odd feeling to contemplate the enormity of the 
investment in research, equipment, software, and maintenance that WDuld be 
required for large-scale introduction of compufer technology into the 
schools when everywhere around the nation there are districts unable, or 
unwilling, even to finance an adequate supply of paper and pencils. 
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THE, PLACE OF COMPUTERS IN THE 
TEACHING OP WRITING 



Robert A. Gundlach 
Director of Writing Programs 
Northwestern Univert^ity 
Evanston, Illinois 60201 

I am told that one of my qualifications for this assignment — to review cur- 
rent writing research for a conference designed to create a research agenda 
for studying the educational uses of computers — is that I am thought to be 
neutral on the question of whether computers should be used in the teaching 
of writing • I am .willing to say that I am neutral if you are willing to 
accept neutral as a synonym for naive* Naive though I am, I have recently 
been reading reports of new developments in computer-assisted writing 
instruction — as has any writing teacher who keeps up with the pedagogical 
journals or who, for that matter, simply keeps an eye on the education 
columns in the Sunday newspapers. Reading these accounts has made me want 
to learn more about such projects, of course* But reading them has also, I 
admit, got me wondering how English teachers are/ likely to react to the news 
that computers can help them teach writing%^^ To investigate, I conducted a 
most unsystematic study: I checked my own^ reactions , and I asked a few of 
my friends for theirs. As limited as my investigation was, it still txirned 
up several different reactions; let me cast my findings in the form of 
predictions. Some English teachers, I predict, will be delighted by the 
prospect of having computers help them teach their students to write. No 
doubt such teachers will be especially eager to engage the assistance of a 
computer in the chores of proofreading students* papers and helping students 
repair their errors. Many teachers will also be impressed by reports 
suggesting that computer programs can be devised which will provide coaching 
and tutoring to students all the way through the composing process. And in 
either case, the English teacher who looks forward to a new era of 
computerized writing instruction is likely to be a teacher who wants 
computers to assume some of the more routine and tedious chores of 
composition teaching so that he or she is free to concentrate on helping 
students recognize and solve the intellectual problems that, their writing 
projects present them. 

Other English teachers ^ it seems safe to say, will be far from enthusiastic 
about the use of computers in the tcK;::hing of writing. Some teachers may, 
at the outset, resist irrationally, caught in the throes of the fear and 
trembling that Ellen Nold has observed in humanists who encounter computers 
for the first time. But even after that fear is conquered , a sizable per- 
centage of English teachers will, I suspect, continue to oppose the use of 
computers in their teaching. Some may resist because they fear for their 
jobs, especially in places where administrators, or teachers themselves, 
conceive of writing instruction in medical metaphors: diagnosing problems, 
prescribing remedies, administering treatments, and assessing the effects of 
it all. Such teachers may worry that, in time, a we 11- programmed computer 
will replace the well-trained teacher in conducting the cycle of diagnosis, 
prescription, remediation, and assessment. Other English teachers, espec- 
ially those who do not view their work-in these clinical terms, may well 



173 176 



resist computer-assisted writing instruction on the grounds that computers 
are irrelevant to the job at hand and that innovative instructional software 
is a distraction, or worse, a compromising enticement to members of the 
video generation. These teachers will argue that in order to learn to 
write, all a student needs is a pencil, some paper, and a few intelligent 
and helpful readers. 

Such, in any case, were the reactions I found in myself and in my friends. 
I note them here not, certainly, as the results of research, but simply to 
make the point that the effectiveness of computer-assisted writing instruc- 
tion will depend to a considerable degree on whether English teachers under- 
stand its possibilities and believe in its value. Not even the most intel- 
ligently developed software will have much effect on students' writing 
development if teachers,^ do not arrange for students to use it regularly and 
in the contexts forjv^ich it is designed. Among the issues, then, that 
merit attention in deliberations on the uses of computers in the teaching of 
writing cire what English teachers believe about computer-assisted writing 
instruction and how English teachers interact, or fail to interact, with the 
machines that are turning up in their classrooms or in their schools" 
resource centers, i dwell on this point because I think it would be a seri- 
ous mistake to allow the prospect of computer-assisted writing instruction 
to revive the fantasy among educc-aonal leaders of a teacher-proof curri- 
culum; down that path, I believe, lie boondoggle and dashed hopes of the 
sort that were strewn in the wake of proposals for instructional television. 

While I am at the job of proposing items for a research agenda, let me press 
a bit further. The reports of experimental programs I have read suggest 
that the microcomputer revolution of fers teachers a new technology for 
accomplishing the traditional goals of composition teaching. But what 
exactly, are the traditional goals of composition teaching? It is not diffi- 
cult to assemble a reasonably consistent set of very general objectives from 
a century's worth of commission reports and curriculum guides, but anyone 
who has worked in the trade for a while (and anyone v^o has tried to create 
a valid and reliable writing test) knovre that specifying the goals of 
writing instruction as they are embodied in classroom practice has long been 
a vexing undertaking. Yet specifying sensible goals for teaching writing — 
goals that are at once worthy and realizable — would seem prerequisite to 
developing computer programs that usefully support writing instruction. Sad 
to say, my experience as a member of advisory groups that have been asked to 
specify goals_ for— composition teaching has been that such efforts quickly 
become either bouts of polemic- swapping or, in cases where the group must 
produce a consensus, exercises in strenuous abstraction. Part of the 
trouble, I think, is that such discussions muL^t proceed utterly uninformed 
by a historical view of the composition teaching enterprise; we simply do 
hot have a thorough and penetratingly . critical history of composition 
teaching in American education. No one, that is, has sorted out for us how 
much of v^at composition teachers do, and have traditionally done, is pro- 
perly understood as aimed at helping students learn to control the process 
of composition and the conventions of written languacye, and how much is 
better understood as giving pedagogical expression to attitude?;, values, and 
goals which, though perphaps defensible in uheir own terms, have little 



bearing on h-alping stuclants learn to vz^ite. Thus I propose that an impor- 
tant item on an agenda for research on the uses of computers in the teaching 
of writing would — and should — be a careful and tough-minded historical study 
of the goals of composition teaching in American schools and colleges. At 
the very least, it would seem that before we embark on costly research pro- 
jects designed to develop computer programs that will do more efficiently 
what English teachers have been trying to do for a hundred years or so, it 
would be prudent to figure out why the English teacher's various consti- 
tuents — employers, parents, teachers of other subjects, English teachers at 
higher levels, students themselves — have been complaining variously about 
the English teacher's inadequacies, excesses, and evident failures for 
nearly as long as English teachers have been in the business of teaching 
composition • 

Having said this much about research we do not have, let me turn now to my 
assigned task of surveying the research, at hand. Research activity on the 
learning and teaching of writing has inceased enormously in the last six or 
seven years, stimulated principally by widespread public concern eibout a 
decline of writing ability among American students and indeed among Ameri- 
cans, in general. Much might be said about uie character and significance of 
tbj.s public sense of an American "writing crisis" — we might ask, for 
io.stance, how public worrying about students diminished writing skill fits, 
on the one hand, with predictions of an "information revolution" brought on 
by advances in computer technology^ and how it fits, on the other hand, with 
the current sentiment that schools must get "back to basics," must restore 
the discipline of some earlier Golden Age in American education. But here I 
must set aside considerations of the recent publicity about a writing 
crisis, except to observe that because much recent writing research has been 
undertaken as a response to a perceived social problem, some researchers 
(and some interpreters of research) have been tempted to make grand claims 
about achieving a revolution in writing instruction, claims that rest on 
evidence from relatively modest studies. I do not believe that writing 
research over the past few years has provided the basis for a revolution in 
.writing instruction, but I do find that recent research does yield a number 
of insights and does raise some challenging questions . I should also note, 
as I clear the ground for my review of this work^ that recent writing 
research has been kaleidoscopically interdisciplinary; studies have been 
undertaken by cognitive psychologists, by linguists, by anthropologists, by 
specialists in rhetoric and literary criticism— and by educational 
researchers who have adapted to their purposes various goals and methods 
from one, two, or even three of the research' traditions I have just listed. 
And yet, perhaps because the field h^s so recently expanded into an educa- 
tional research specialty of its own, :here are very few lines of inquiry 
which have attracted several different research groups whose studies build 
systematically on solid conclusions from work done in earlier investigation. 

Because the recent work is various and in some respects scattered, any 
scheme for organizing a brief review is necessarily somewhat arbitrary. My 
method here is to formulate four large questions which seem to me to contain 
most of the recent research. (I recognize that some readers may find alter- 
native schemes more appealing. The curious reader who wishes to develop his 
own overview may wish to start, as I did, by considering the reports and 
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essays in recent volumes edited by Cooper and Odell [1977, 1978], Gregg and 
Steinberg [1980], Whiteman [1981], Frederiksen and Dominic [1981], and 
Nystrand [1982], Talcen together, these collections inaVft ^ good starting 
point for anyone interested in surveying current writing theory and 
research. The questions I have fashioned to organize my discussion are: 
1) What is the status of writing in American society? 2) What are the char- 
acteristico of effective written texts? 3) What are the ccwiponents of the 
composing process? 4) How do children learn to write? My plan is to t^ke 
up each of these questions in turn, and then to conclude with some general 
comments about how people learn to write and how computers might be able to 
help# 



What is the Status of Writing in America? 

My phrasing in this question is borrowed from the title of Edward p, j, 
Corbett's essay, "The Status of Writing in our Society" (Whiteman, 1981), 
which Corbett first prepared as a presentation to the National Institute of 
Education Conference on Writing in 1977, Corbett begins his discussion by 
asking whether writing will "continue to play a significant role in the 
political, professional, cultural, and business affairs of our society 
during the last quarter of this century," The question is an important one, 
Corbett suggests, because the answer will control what English teachers will 
be teaching in the years ahead, Corbett concludes, more on the basis of 
rumination than extensive investigation, that Americans will indeed continue 
to write, and he suggests that the kind of training Americans will need, and 
for that matter need now, is in practical types , of writing ("When students 
are exercised solely in writing literary essays, to the exclusion of more 
utilitctrian kinds of writing, they are being scandalously short-changed" 
[p.49]). The English teacher v*io sees this much will also see, Corbett 
notes, that "students will have to he exercised primarily, if not exclu- 
sively, in Edited American English, That is the power dialect in our 
society. That is the dialect that provides students with an entree into 
the mainstream of society" (p, 52), 

These are familiar observations—that English teachers too often emphasize 
the special discourse of literary analysis v^en their students in fact do 
not want or need training in literary criticism, and that English teachers 
who allow students to write in spoken forms are failing to prepare students 
for life in the mainstream of American society. But the large issue Corbett 
addresses, the future of writing in America, has oniy quite recently begun 
to draw the attention of composition teachers and researchers. The empiri- 
cal side of this interest has taken the form of studies of writing in the 
"real world" (as distinguished from writing in school), A number of inves- 
tigators have undertaken surveys, of ten sending questionnaires to alumni of 
the institutions in which the investigator works, (See, as an example, 
Robert R, Bataille* s article, "Writing in the World of Work: What our 
Graduates Report," v^ich appears in the October, 1982 issue of College 
Composition and Communication ,). A few researchers have conducted thorough 
observational studies—a notable example is the work done by Lee Odell an;'^ 
Dixie Goswami (see their article , "Writing in a Non-Academic Setting, " in 
the October, 1982 issue of Research in the Teaching of English) , Yet more 



ambitious studies have been proposed by John Szwed (see his essay, "The 
Ethnography of Literacy," in Whitoman, 1981 )• 

Research on . the status of writing in American society has an important 
place, I think, in the larger field of American studies, and it vrould seem 
especially productive if ethnographic studies of the kind Szwed proposes 
were placed in the intellectual context of recent work by socia]. historians 
on the history of. literacy in America. I have the impression, however, that 
when composition researchers study writing in the real world, and particu- 
larly in the work place, the hope — among those v^o grant money for such 
projects, if not among the researchers themselves — is that such research 
will have very practical value for composition teachers • When studies 
reveal brisk writing activity in the wrld of work, they can be used to 
support the argument that composition teaching should have a significant 
place in school and college curricula. Writing is pervasive in America 
today, such arguments usually run, espacially in the professions and in 
managerial jobs; the rise of electronic media has not rendered writing 
obsolete* People, especially successful, people, still write, and schools 
must continue to prepare students for the ^«:iting tasks they will face out 
in the working world. Studies of writing in non-academic settings can also 
be used, of course, to support the argument that school and perhaps college 
composition programs should emphasize practical skills and offer practice in 
using non-academic forms of discou?:se. This argument rests on the assump- 
tion that writing instruction should be utilitarian, indeed in a general 
sense vocational; it is an argument that can be heard these days in most 
realms of composition teaching, but most frequently, I find, in professional 
discussion of teaching writing to t'iie academically disaffected or unsophi- 
sticated (for a pL^rticularly interesting example, see Heath, 1981). 

The uses in institutional politics, of research on the status of writing in 
American society are, I suppose, obvivous enough, but I am not sure of its 
value to the teacher in his teaching. We who teach writing should, of 
course, be interested in the writing that people do outside of school; in 
fact, we probably ought to be doing some of it ourselves from time to time. 
And when we teach specialized writing courses that are supposed to train 
students for a specific job, or even a particular kind of job, our under- 
standing of the pertinent vocational forms and uses of writing ought to 
inform our teaching very closelyu Even \^en we are teaching more general 
courses, we are wise to inform our teaching with facts and observations 
about writing in many situations, and not to limit our ideas about writing, 
or our students' ideas about writing, to the sorts of discourse familiar in 
schools and colleges. But we should, I think, resist too complete a 
utilitarian conception of the goals of writing instruction. We ought to 
keep in mind, and inform our teaching with, the conception of writing 
instruction that holds that the development of writing ability involves, at 
least in part, the development of the use of language as an instv:ament of. 
thought — the use of language to raise difficult questions^ to lormulate 
careful answers, to read and revise one's own formulations. This way of 
using language is not limited to academic discourse, and it is an activity 
available, in the right circumstances, to children as well as to adolescents 
and adults; it can result as easily in narratives of personal experience and 
thoughtful practical communication as in such specialized forms as the 
critical essay. 
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And certainly the case can be made that a student who has pract.ce in using 
language as an instrument of thought (the phrase is from Bnmfcv, 1977) has 
developed analytic skill that may be useful to him in some jobs; but even in 
making that case (which is one aspect of the familiar argument for the 
liberal arts in American education), we must be ready to concede that the 
student who is exploring the use of language as an instrument of thought is 
not necessarily learning a vocational skill. 

Much more might be said on this point, but it seems most appropriate here 
simply to underscore my earlier point that if we are to recommend research 
on how computers can help teach writing, we had better be prepared to think 
hard about the goals— and hence the justifications— of school and college 
composition programs. Recent studies of the status of writing in American 
society, and the ways in which the results of such std'dies are used both to 
support the existence of composition courses and to shape their contents 
will press the issues of goals and justifications upon us, whether we like 
It or not. 



What are the Characteristics of Eff^ctivvi Written Text^: 

Writing teachers need good descriptions of effective writing, both to define 
the target we are teaching to and- to establish criteria for evaluating our 
students' written work. Traditionally, our notions about what makes prose 
effective have come from three sources: l) models of readability, on the 
plausible assumption that the features that make texts readable are the 
features that students ought to strive for in their writing; 2) what we or 
our textbooks, understand as the characteristics of especially admirable 
pieces of writing (the essays of E. B. White, say, or George Orwell, or, 
more recently, joan Didion and Lewis Thomas); and 3 ) what the folklore of 
our profession, as it is transmitted in textbooks, or in the faculty lounge, 
tells us are useful devices • for imposing order on students' essays— one- 
paragraph introductions, three-paragraph bodies, and one-paragraph conclu- 
sions, a topic sentence at the head of every paragraph, and the like, when 
we are judging the writing that students produce not in our courses but in 
more formal testing circumstances, our criteria tend to be light on 
discourse features (we settle for a general orderliness, gauged 
holistically) and heavy on usage and style (we prefer usage that is formal 
but not frozen, to use joos's terms, varied sentence structure with 
occasional periodic sentences, and diction that is definite, specific and 
concrete), whether judging classroom compositions or examination essays, we 
also, of course, want students to observe conventional grammatical 
principles, to punctuate properly, and to avoid misspellings, and we 
evaluate their writing on the basis of their success in managing these 
mechanics. 

What has recent research to say about all of this? For o.ie thing some 
composition teachers and a number of researchers have been influenced by the 
new emphasis in reading resefirch on discourse structures larger than the 
sentence. we have always been interested in having students oroduce 
coherent texts, but lately have become more .Interested in specifying the 
elements that contribute to coherence. influenc-d by recent research in 



178 181 



cognitive psychology, some writing researchers huvre begun to look for 
evidence in writers* texts of their cognitive schemata — ^their frames, their 
scripts, their plans. Some composition teachers have told me that they see 
little more than attenuated rhetorical analysis in recent theories of the 
influences of cognitive structure on textual form. Whatever the merits of 
their complaint, I think it is fair to say that writing researchers and 
teachers alike have been slow to consider the implications of recent reading 
comprehension research for helping students become adept readers of their 
own writing-- in-progress. 

Some composition researchers have also been greatly influenced by Halliday 
and Hasan's Cohesion in English , which vjas published in 1976» The attrac- 
tion of this book is that it offers a theory of linguistically specifiable 
features — cohesive ties — that, taken together , make an extended text cohe- 
sive and give it texture. Working on the assumption that "incoherent" 
student writing is insufficiently cohesive, a number of investigators have 
sought to apply the theoretical scheme from Cohesion in English to the job 
of evaluating samples of students' writing. No doxibt interesting results 
will emerge from some of these studies; the sticking point, though, in much 
of the work of this kind is that it is very difficult: to establish \^at 
Roger Brown calls "obligatory contexts" for specific cohesive ties. It is 
difficult, that is, to establish a fixed "mature" or "expert" model against 
which a student's use of, say, nominal ellipsis or lexical collocation may 
be evaluated. There are, it turns out^ many options writers exercise in 
establishing continuity and texture in their writing. 

In addition to supplementing our traditional interest in usage and style 
with new, or newly formulated, insights into text structure and textual 
continuity, recent research has also pulled us up short at the question of 
how composition teachers do in fact judge students' writing. Studies by 
Rosemary Hake and Joseph Williams .( 1981 ) suggest that although we composi- 
tion teachers say we prefer a lean, verb-based style in our students' 
writing, in fact we award higher marks to students whose essays are cast in 
a formal/ ponderous, nominal style. Either we are ccureleiss (a term we use 
often to describe our students) or we are stuck in a sociolinguistic 
dilemma; I do not know which, I do know, though, that v,e could use more 
sociolinguistic inquiry to help us frame, or situate, the general, question 
of which features characterize effective writing. We need, that is, to 
bring closer to the center of our attention v^at seems to me the obvious 
point that to speak of the effectiveness of a piece of writing is tc speak 
of its effect in a particular set of circumstances, and we need to overcome 
our tendency to allow vague labels of purpose ("persuasive," "expressive") 
to substitute for useful descriptions of the circumstances in which people 
write, I hope that recent work on the contrasting features of spoken and 
written language in modt^rn literate societies by such sociolinguists aa 
Michael Stubbs and Deborah Tannen, and recent wide-ranging studies of oral 
and literate cultural modes of thought and expression by such scholars as 
Jack Goody, David Olson , Walter Ong , Michael Cole , Sylvia Scribner , and 
Shirley Brice Heath will lead composition researchers to work on the ques- 
tion of how i specific contexts influence particular textual features in 
students' writing. Once we are better able to situate the question of which 
characteristics make a written text effective, we are likely to produce 
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answers that are more useful than those we have not for evaluating students' 
written work. 



In the meantime, we are becoming more insightful in our understanding of the 
features of ineffective writing, Mina Shaughnessy led the way with her 
analyses of the unconventional writing produced by ^inexperienced writers at 
CCNY; Linda Flower has contributed the useful concept of "writer-based 
prose"; Aruthur Applebee has begun to characterize the textual weaknesses in 
inexperienced high school students' writing, Joseph Williams, on the other 
hand, has analyzed the features of what he has called "bad mature'^writing, " 
and has offered counsel for those who wish to avoid such features in his 
^^^^i Style; Ten Lessons in Clarity and Grace , Recent analyses of cliimsy 
bureaucratic writing and proposals for antidotes are also offered in the 
Document Design Project's Writing in the Professions and Richard Lanham's 
textbooks. Revising Prose and Revising Business Prose , 

The upshot is that we are becoming more precise about the features we hope 
to see in our students' writing, and thus we are becoming increasingly able 

to program computers—those tireless and relentlessly patient proofreaders 

to search out features in our students' witing that do not make our list of 
characteristics of effective texts. The value of enlisting a computer as a 
proofreader both persistent and patient, even generous of spirit, should not 
be underestimated • In my experience, composition teachers are often either 
generous of spirit or persistent, but rarely both, i assume that any 
computer, on the other hand, can, in time, be programmed to respond to 
students' writing with both a steady understanding of at least some of 
William S trunk and E, B. White's rules from The Elements of Style and an 
unflagging appreciation of .E, B. White's lamentl "The English language is 
always sticking out a foot to trip a man. , , , English usage is sometimes 
more than mere taste, judgment, and education — sometimes it's sheer luck, 
like getting across the street," Indefatigable and patient though computers 
may be, however, I do not imagine that any machine will help composition 
teachers figure out how to cope with tlie simple truth contained in Robert 
Frost's remark, "You can be a little ungrammatical if you come from the 
right part of the country," 

What Are the Components of the Composing Process? 

The process of writing — what writers do and how they think—has attracted a 
great deal of interest in recent; years from researchers and teachers alike. 
Some even regard this new interest in composing (as distinct from an 
interest in the qualities and effects of written texts) as evidence of a 
Kuhnian paradigm shift. That claim seems to me open to dispute, but there 
can be no doubt that recent studies of composing have drawn attention to 
important questions about how people write and how people learn to write 
that have not received much attention in the hundred years or so that 
English composition has been a staple of school and college curricula. 
There are several researchers participating in this meeting (John R. Hayes 
and Marlene Scardamalia, to name two) whose understanding of the new 
composing process research is more current and more sophisticated than mine, 
and so, assuming that they can ably brief us on its particulars, I will 
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limit myself here to some ccmments aimed at placing the recent work in 
historical context and some notes on questions about composing that we 
continue to neglect. 

It was porter Perrin, I believe, v^o brought the idea of the process of 
writing into the modern composition textbook tradition. in his first- 
edition of his Writer's Guide and index to English , published in 1942, 
Perrin included an entire chapter on "The Writing Process," a subject which, 
he notes in his preface, he regarded as "basic for the work of composition." 
Perrin makes clear in his opening sentences of the chapter why he considered 
instruction in the writing proc;3SS crucial: "Writing is either hard or 
easy, as a person makes it. For most people who have not written very much, 
the chief difficulty is uncertainty as to what they should do. Worry takes 
more out of them than work." After explaining his assumptions about th^- 
causes ol inexperienced writers* difficulties, Perrin lists nine stages in 
the proceiss of writing an academic paper and then takes up each stage in 
turn, noting the contribution of each stage to the finished work and elabo- 
rating with tips for the novice. In the 1950s and 1960s, perhaps in part as 
a result of the success of Perrin 's textbook and surely in part also as a 
consequence of the rise of several New Rhetorics, many composition textbook 
authors followed Perrin* s lead and incorporated in their books e chapter 
that instructed students in the steps or stages of writing papers. 

t ; 

It is interesting to note that Perrin himself was evidently firmly committed 
to what nowadays is often called a "process approach" to teaching writing. 
In an essay entitled, "Freshman Composition and the Tradition of Rhetoric," 
published in 1960, he sought to persuade composition teachers to reduce 
their emphasis ' on teaching grammar and to increase their attention to 
rhetoric, by which he meant "the study of the making, the qualities, and the 
effects of verbal discourse" (p. 124). He especially wanted attention given 
to the "making"; "The basic premise of rhetoric," he argues, "is that 
discourse is an act (something done) studied as an art in the old sense. It 
is the result of a process that can be seen in stages for each of which 
pertinent advice can be given" (p. 124). He also makes a point of noting 
t]\st the particular process a writer follows in a given instance is 
iafluenced by the circumstances in which the writing is undertaken. "A 
second premise of rhetoric," Perrin writes, "is that discourse occurs in a 
situation that defines to a considerable extent the mental 'set* of the 
writer as well as the content, arrangement, and tone of what is written" (p. 
124). 

Of course the textbook writers who put the writing process into a tidy 
sequence of steps were engaged in a pedagogical act, not an attempt at 
empirical description. It was Janet Emig's study. The Composing Processes 
of T welfth Graders , published in 1 971 , that launched the recent wave of 
empirical work on how people compose. Among the researchers v^o have 
developed this line of research are Donald Graves, Donald Murray, Sondra 
Perl^ Nancy Sommers, James Britton and his colleagues, and Anne Matsuhashi . 
The studies of composing undertaken by these and others in the field of 
English education have tended to concentrate on the behavior of writers, 
with the researcher drawing inferences about a writer's intellectual 
processes from the behavior observed. More often than not in such studies, 
the inferences drawn from observed behavior are eventually modified or 
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amplified on the basis of the researcher's interviews vith the writers who 
who have been under observation. other researchers— notably John R. Hayes 
and Linda Flower, and Carl Bereiter, Marlene Scardamalia, and their col- 
leagues—have brought the goals and methods of cognitive psychology to bear 
on studies of composing, and have thus concentrated directly on the writer's 
intellectual processes. still, it should be noted that, as some cognitive 
psychologists readily concede, even the researcher who concentrates directly 
on the writer's intellectual processes must find ways to do it with mir- 
rors—cognitive operations are interior phenomena, and are not easily 
perhaps not ever fully, made available for inspection. 

What have been the effects of recent research on ccxnposing? in the first 
place, such studies have been useful in supporting, and in some cases 
further articulating, the belief among many composition teachers that good 
composition teaching emphasizes the process and not merely the product of 
written composition. Although some theorists argue strongly against it, the 
notion of writing as a sequence of operations is still influential, 'and, 
certainly in some teaching contexts at least, that view is quite useful. 
Sometimes the notion is cast. as a series of specific steps, but more often 
IS formulated as three broad stages~"prewriting , writing, and revising," or 
conception, incubation, and production." Yet v*hile many composition 
teachers continue to think about the composing process as a series of 
stages, cognitive theories of composing are beginning to get wider circula- 
tion and are challenging the image of writing as a step-by- step procedure 
with a picture ot the writing process as a .network of problem solving tasks, 
tasks that interact in a hierarchical system rather than Hning up in a 
simple linear sequence. I suppose that some of the fine points of such 
cognitive t^ieories elude many of the composition teachers who study them; 
but I also suppose that anyone vrtio has been reading the pedagogical journals 
or who has spent a summer in a local branch of the National Writing Proiect 
IS Ukely to have developed the impression that composition experts have 
reached a consensus: writers solve problems; revision is recursive. 

Recent research on composing, whether from the perspective of cognitive 
psychology or in the tradition of English education, has given us not only a 
more detailed and more complex sense of the components of composing, but 
also some intriguing and potentially very useful hypotheses about the 
differences in composing behavior and cognition between expert writers on 
the one hand and novice writers on the other, it seems Hkely that program 
developers will work at using these hypotheses to create computer-based 
tutoring programs in composing, programs^ that predict the shortcomings of an 
inexperienced writer's composing strategy and that instruct him in how to 
adjust his strategy to make it match more closely a generalized model of how 
experts compose. Basic research on composing and technical refinements in 
computing are needed, however, before the potential of this use of computers 
in teaching writinc/ can be fully evaluated. 

For all the insights produced by recent studies, it must be noted that as a 
general line of inquiry, composing process ramearcih still has a way to go. 
We have had, to cite one important limitation of the work to date, virtually 
no research that seriously attempts to unite the two premises of rhetoric " 
that Perin noted more than twenty years ago— first, tliat writing is an 
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activity, a process, and second, that character of the activity of writing 
in a particular instance is significantly shaped by the situation that gives 
rise to the act. At the moment, the first premise serves as the guiding 
assumption of the writing research undertaken by most cognitive psycholo- 
gists, and the second premise is the central assumption of writing research 
conducted by educational anthropologists. Too often, these two camps of 
researchers regard each other with great suspicion. The result is that we 
generally get abstracted models of the composing process from one camp and 
detailed analyses of the contexts of specif ic writing activities from the 
other camp, with few attempts to discover the relationship between these two 
kinds of knowledge. 

perhaps the most important reason to build some i-iealogical bridges between 
these two camps is to enlist the help of both sicles in formulating produc- 
tive methods for studying the act of sustained writing, writing that is not 
composed in one sitting but rather is composed over days, months, and even 
years. We know very little indeed about how people produce writing that is 
longer and more complex, or \^ich demands more sustained thought, than 
writing that can be disposed of in one or two classroom periods. We have 
plenty of material from literary studies and interviews with professional 
writers to enrich our understanding of sustained composing, but so far as I 
know we have no data of the orderly sort usually gathered in social science 
research to help with the job. Vera John-Steiner , I am told, is now at work 
on a study of how people complete long-term intellectual work, including, 
extended writing projects — her working title is said to be Notebooks of the 
Mind — and we can look forward to the results of that project; also, we can 
observe that, for future studies, new word processing technology would seem 
to greatly facilitate the gathering of data. 

In the meantime, though, we must recognize that the knowledge we have accu- 
mulated and continue to accumulate is knowledge about the process of 
composing relatively short and uncomplicated pieces of writing. Such know- 
ledge has its value, to be sure, in part because composition teachers are 
often expected to teach their students how to write short and uncomplicated 
reports and essays. It seems a shame, though, to limit the dcxnain of our 
inquiry, and perhaps thereby to limit the ultimate value of our research, 
chiefly because we lack the imagination or the academic diplomacy required 
to develop methods for studying how x^eople ' produce complex and sustained 
pieces of writing. 

How Dp Children Learn to Write? 

Elsewhere (Gundlach, 1981, 1982) I have reviewed at some length the recent 
research on young children and their v/riting; here I will comment on this 
work very briefly, noting ust one theme that I believe has some bearing on 
the teaching of writing to students of any age. In making these remarks, I 
have in mind ^particularly studies by Bissex, Graves, Sowers, Calkins, Read, 
Harste, King, Ferreiro, Clay, Sulzby and a number of others \^ose work has, 
been strongly influenced by the methods and spirit of recent research in 
children's language acquisition. Partly as a result of that influence, I 
think, the results of these studies point to the conclusions that all 
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children can la&rn to write and that young children are able, given support 
and guidance from teachers and perhaps parents, to adapt the powerful 
language learning strategies they employ in learning to speak to the process 
of learning to write. The more sophisticated argun^,ents advanced in support 
of these claims, it should be noted, usually depend in some measure on a 
Vygotskian tlieory of the child's development of the functions of language, 
I mention this, alas in passing, because interactive social theories of 
children's language development no doubt have implications for the construc- 
tion of interactive computer programs that might help children develop as 
writers. 

The central lesson of recent studies of children's writing development is 
that the process of learning to write involves more than being taught, or at 
least more than being instructed in a formal and deliberate way. Children 
apparently draw on a number of resources as they begin to learn the uses, 
forms, and processes of writing, and some children, perhaps many, conduct 
their own experiments .with writing well before they encounter formal 
instruction in either writing or reading. In my view, any composition 
teacher or curriculum builder stands to profit from speculating a bit about 
the resources children bring to the process of learning to write: children 
have^ of course, their knowledge and experience as speakers, ^ich can pro- 
vide them both a knowledge of linguistic form and a "sense of situation" 
that will serve them well, though not comprehensively, ^en they begin to 
write; they have the sense they have made of their observations of people 
writing and their encounters with vnritten language.; they have their reading 
experience, including their experience of hearing written language read 
aloud; they have their inclination to experiment with cultural tools and 
cultural roles; they have their ability to engage adults and other children 
in helping them solve technical problems; and they have their inclination to 
cooper6'.te, to accept direction. Such are the resources, I suggest, that 
virtually all children — and most older students, too--bring to composition 
instruction. As James Britton has suggested, we ^o teach composition, if 
we are alert enough to recognize ity "seek to reap continually a harvest we 
have not sown," (Britton elsewhere formulates this point about the complex 
relationship between teaching and learning in less metaphorical and more 
ominous terms: "We teach and teach," Britton notes, assuming the rhythms of 
Samuel Beckett," "and they learn and learn: if they didn't, we wouldn't,") 

I do not^ mean to suggest that students will become mature or expert or 
competent writers without any coaching or instruction; most will not. 
Rather, I want to make the simple point, obvious yet too often lost from 
view, that a theory of how people learn to write must be kept distinct from^ 
and must receive our attention prior to, a theory of how people should be 
instructed in writing. 



How People Learn to Write — 

And How Computers Can Help: A Coda 

Recent writing research has not y^t provided enough answers — or even, it can 
be argued, raised enough of the right questions — to give us a general theory 
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of how people learn to write, I trust that I will be forgiven, then, if 
here at the end of my discussion I depart from current research and turn to 
more incidental sources. Consider, for example, a remark made by Elizabeth 
Hardwick in her recent review of a biography of Katherine Anne Porter 
( NYTBR , 11/7/82), Hardwick observes that Porter, early in her development 
as a novelist and short story writer, was "in and out of Greenwich Village, 
where she met writers and no doubt increased her sophistication about 
literature and the act of writing." Hardwick joins her clauses with a 
simple "and," but I think it is fair to infer that she means that Porter 
became more sophisticated as a writer because she was in touch with, and 
very likely was reading intently, writers who formed a literary community. 
This remark caught my attention because I believe that participating in a 
community of active readers and writers is one vjay, and perhaps the way, a 
person develops as a writer, I think this is true not only of novelists and 
poets, but also of people \^o learn to write good term papers or effective 
office memos. 

Because I have this notion, my attention also fastened on some comments made 
by the historian Robert Darnton in his essay, "What Is the History of 
Books?", which appeared in a recent issue of Daedalus (Summer 1982), In 
this essay Darnton proposes a general model to account for the life cycle of 
a book. The model he sketches is of a "communications circuit" in which a 
book is produced by an author, passed along to a pviblisher, then to a 
printer, then to a shipper, then to a bookseller, then to a reader, and 
then, in a curious sense, back to the author again. Explaining this last 
connection, explaining, that is, how reader "influences the author both 
before and .^fter the act of composition," Darnton writes: 

Authors are readers themselves. By reading and associating with 
other readers and writers, they form notions of genre and style 
and a general sense of f;he literary enterprise, \^ether they are 
composing Shakespearean sonnets or directions for. assembling radio 
kits, (p. 67) 

I am not working my way around to the argument that formal instruction in 
writing is worthless. I do not hold with Flaubert, who said (if Paul Engle 
is to be trusted; I have this second hand) that all a teacher can offer a 
would-be writer is a kiss on the brow and a kick in the par;ts« Nor do i 
mean to suggest that students are likely to become writers merely by fol- 
lowing the biographical traces of literary figures, what I am suggesting is 
that if a person participates in a community of active readers and writers, 
if he reads and writes x-egularly and' if his reading and writing put him in 
touch with other people ^ he stands a reasonably good chance of forming 
notions of genre and style, of developing a general sense of the literary 
enterprise, and of becoming increasingly sophisticated about the act of 
writing itself. And I suppose we must conclude, on the evidence of 
experience if not research, that some people can, by participating in suctt a 
community, develop considerable writing skill without much formal writing 
instruction at all, v^ile others, though they read and write and rub 
shoulders with fellow writers^ stand to profit from all the composition 
instruction man or machine can provide. 
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what does this mean for research on the place of computers in the teaching 
of writing? It means that we ought to ask first how teachers can assemble 
true communities of active readers and writers, and how teachers can give 
even the most reluctant students a clear shot at participating in such 
communities. Then we can ask how computer technology might be useful in 
these efforts. 

i 
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READING 



Catherine Copeland 
Southern Boone County School 
Ashland, Missouri 65010 

Questions by any teacher \^en considering the - place of computers in the 
classroom should range from those relating, to theoretical issues to those 
about practical application • Foremost, computers should focus on teachers, 
their curriculums, and their students. . Research in tlie effectiveness of 
computers in the classroom should not exclude looking in depth at children, 
classrooms, teachers and learning.. We should not be so much interested in 
statistics as in good descriptions of how children are using computers in 
developing their use of language and how the computer affects children's be- 
coming literate. 

Too often evaluation has become confused with research. The research relies 
on collecting standardized test results, not looking at the reading - and 
writing processes themselves. What is needed is a wider range of reading 
research methodology and interdisciplinary research" Within the classroom 
w±^h real readers an^ writers using those processes, no^t standardized test 
results which do not present enough discourse to really test the reading and 
writing ability of children. 

Reading researchers have become more independent today, although they draw 
on the work from other fields such as psychology, physiology or linguistics. 
They develop their own research paradigms arid develop their own theory base. 
Reading researchers and classroom teachers are beginning to vrork together; 
perhaps it is also time to add the computer programmer to that team. 

If teachers- become a part "of the computer programming procedures, the 
materials will not be in conflict with their curriculums. Additionally, the 
programmer will have an opportunity to l§arn how the teacher views literacy 
and. learning, . By working with the informed teachers, the programmer can use 
that information to address instructional npeds. 

Unfortunately, one of the main concerns in.*. the ' field of reading today is the 
recognition there are gaps between theory, research and curriculums. Class- 
room teachers are at odds about \^ at"" theory on which to base their curricu- 
lum or, worse, they haven* t developed their own philosophy. Therefore they 
rely solely on textbook companies to dictate their lesson plans. 

Consequently the overall objective of %any research should he to build and 
disseminate reading theory which will truly contribute to the development 
of literacy in the classroom. By helping teachers understand the reading 
process, this wi,ll enable them to build their individual instructional 
model, implementing that theory into practice. 



At this time materials teachers use to guide and help' them improve teaching 
methods are stating two major theories. For example * in a 1977 book, 
Phonics: Why and How by Patrick^iof f , the teacher is told; ^ 

Phonics teaching does, in fact/^of^fer the child significant help in 
learning to read and spell. The research on' the teaching of reading 
makes this clear. As Eleanor Gibson^^puts it, the heart of learning 
to read would seem to be the process ^mapping written words and 
letters to the spoken language; a process of^^ translating or matching 
one symbol to another. 

Teaching reading has been based on the idea that reading ^consists of a set 
of identifiable skills and publishers have produced materials^' aimed at 
giving practice with these skills. 



M. Clark, however, brings out in her book. Young Fluent Readers (1976)>\. 

Teachers have too long been too little aware of ., the complexity .and^ 
range of skills that even the beginning reader brings to the reading 
situation, the teacher concerned with the young child and the begin- 
ning reader has had her attention directed mainly if not exclusively, 
to the lower decoding skills. 

Yet, education still feels the effect of Flesch's "Why Johnny Can't Read," 
Family Circle , November, 1979, which emphasized a phonetic approach. The 
article pressures and influences teachers to continue such an approach and 
materials without looking at research on the reading process. 

As an undergraduate, in 1967, the only reading theory my course presented 
was a phonetic approach promoting activities such as presented in the text 
Personalized Reading Instruction (1961) by Walter B, Barbe: 

At the readiness level it is importa'nt for the child to learn how to 
match letters and • match words. \By* listing in two columns different 
letters the child should be able to draw a line from the word in the 
column on the left to the column on^the right which is the scune, .This 
can be done in a variety of ways but :3houid begin with matching either 
single letters or words that begin the same. The teacher can then lead 
• into matching words and small, letters when the child has learned to- 
match these. 

From the other viewpoint Lynn L, Rhodes sta"»:es in her paper "Predictable 
Books: An Instructional Resource for Meaningful Reading and Writing": The 
Affective Dimension in Reading: A Resource Guide, Indiana University 
Reading Program-1 977: ^ ■ " ' 

Readers have three ' language systems available for their use. These 
three systems, the syntactic (grammar) system, the graphophonic (sound/ 
symbol) system, and the semantic (meaning) system, are used in an 
interrelated manner. The redundancy of the language . system and the 
reader » s active predictions about content and language of the story 
permit an efficient reader to sample the graphic information on the 
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page# The overemphasis on the graphophoftic system prevalent in reading 
instruction causes the reader to have to use far more= ^/isual informa- ^ 
tion than .would be necess.ary if the same graphic information v?as 
embedded in whole/ natural language* 

Kenneth Goodman expresses concern about the "Back to Basics" movement. 
(Commentary, Language Arts , Npvember/December 1918)1 

Logically, we should be gearing our schools and preparing our teachers 
for grand innovations. New curricula, new materials ought to be pour- 

. ing forth to put the developing knowledge to work. But, in fact, in 
our very zeal to make literacy universal, in many school systems we are 
locking out knowledge. The battle is Back to Basics. Truth is to be 
found by closing our minds to new knowledge, facing to the rear, and 

. glorifying ignorance. This know-nothing movement is institutionalized 
by state law, board policy, federal guidelines, and even court order. 
It is set in the concrete of minimal competence, management by objec- 

- tives, arbitrary skill hierarchies, mandated '.testing. Schools are 
^ ordered to teach- all children to read quickly and well, but they are 
then cut off from new knowledge and the possibility of using it in 
creative innovations. 

Further, two studies that have helped prove that teaching letter sounds is a 
waste of time were done by Robert Hillerich in Elementary School Journal , 
"Teaching About Vowels in Second Grade " (Fall 1970) and "First Grade Reading 
Achievement " (Feb. 1967). Hillerich studied the effectiveness of teaching 
"-vowel generalizations to first grade pupils. He compared all first graders 
(N^742) in two comparable school districts in terms of reading achievement 
at .thi^end of grade one. In one school district, first graders were taught 
vowel generalizations as part of the reading program. In the other school 
district they^were not. 

Results at the end of <the year indicated that those pupils who had not been . 
taught vowel generalisations, scored significantly higher in reaching 
achievement. Most important,^he entire difference in reading achievement 
of the two groups was ref lected^^in the subtest of comprehension, suggesting 
that excessive attention to the voxels led to overanalysis of words rather 
than concern for meaning. 

In a follow-up study, Hillerich investigated the^^ef fectiveness of teaching 
about vowels in second* grade. In this study of six^classrooms, two classes 
of second graders were taught vowel generalizations, two classes were taught' 
about vowels only at the hearing level, to listen for and to-r^cognize the 
various sounds^ and two classes were not taught anything, about vowels during 
the entire second grade year. At the end of the* year,, the reading achieve- 
ment test indicated that those who had been taughu only at the hearing leveL^ 
scored significantly higher than the next highest" group, v^ile the group 
thau had been taught vowel generalizations was lowest in reading achieve- 
ment. • In the conclusion of his findings he stated: 

i 
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From the standpoint of analysis of language, vowel generalizations 
have little validity; from the standpoint of instruction of primary 
children, they have little effectiveness, 

• 

Children have difficulty with vowel rules and are often given extra 
practice sheets on vowels c Such activities require time for filling 
in blanks, time which could be devoted to reading or to having fun 
exploring the language. Most teachers recognize that, once started, 
children also learn to read by reading. 

Teachers have a commitment to teach the way they feel is professional and 
theoretically sound. The teachers, feeling the responsibility to guide child- 
ren into literacy, must resolve differences. 

How true the statement in the 1978 November/December issue of Language Arts 
\editorial by Julie M, Jenson: "in what field (referring to reading) has so 
much that violates sense been published, packaged, and inflicted on teachers 
and children?" 

Because of the research I have studied and applied^ in my own classroom I 
believe as R, Van Allan expressed in his article, "Personal Language and 
Beginning Reading," Early Years (November 1978): 

As language matures and positive attitudes about . books and reading 
develop, teachers assume responsibility for helping each child concep- 
tualize, habituate,, and internalize* a few truths about self and 
language. 

Children, who from the beginning have related speaking, listening, and 
writing to the reading process, begin to read naturally. It's as 
natural as learning to converse, Reading for them is not a separate 
subject in school but a natural part of sending and receiving messages. 

My students benefit by participating in a comprehensive language program, 
because the emphasis is on the development of language, processes, basic con- 
cepts and the integration of these processes and concepts into a strong lan- 
guage base for effective communication. This approach to instruction in 
language arts allows for the integration of reading, writing, speaking, and 
listening in a meaningful context. 

The program is comprehension-centered and helps the students focus on 
gaining meaning while reading. The individual and group activities are 
designed to develop and broaden concepts and experiences. These activities 
also generate many natural reading and writing experiences. The oral lan- 
guage which children use and hear daily is utilized as iTiaterial for instruc- 
tion rather than fragmented sounds and syllables that are not a meaningful 
part of t>ieir everyday experience. To help the children gain meaning from 
print, instruction incorporating the three! systems of language, 
graphophonemic , syntactic, and semantic, is' used. Isolated use of one 
system is avoided. The children are encouraged to use the information from 
the integration of all three systems to gain : meaning , The language arts 
become meaningful because children read, write, listen and talk about 



activities in which they participate. 

This program helps improve existing receptive and expressive skills and 
develop a desire to read and write to gain meaning for pleasure. 

Like listening and speaking, reading nnd writing are acquired because they 
are functional and social in nature. As children interact with others in 
their societies of home, community, ox school, they find it necessary to use 
language in a variety of ways and for a variety of purposes. M.A.K. 
Halliday has identified seven functions through which a child acquires oral 
language or, as Halliday puts it, "learns how to mean,". Learning How To Mean 
(Halliday, 1975). These seven functions have provided others a basis for 
drawing parallel functional motivations for learning to read, and a ^ third 
parallel follows easily — motivation for writing. 

(K. Goodman and Y. Goodman, "Learning to Read is Natural." Presented at the 
conference on Theory and Practice of Beginning Reading instruction, Pitts- 
burgh, April, 1976 and Barbara Burk," "How Children Learn to Mean Through 
Oral and Print Activities." Presented at the conference on Reading, 
University of Missouri-Columbia, October, 1978.) 



Functions of Language 



Activities 



Ins trumental 
"I want'^ 



Regulatory 

"DO as I tell you" 



interactional 
"Me and you" 



f o r pic tur e s and 



1 . Write captions 
stories. 

2. Create situations such as setting 
up a store. 

3. Ask others for things in writing 
( ordering from an ad , letter to 
Santa, information from, a resource 
person). 

1 . Make signs to express safety, 
health, eating habits. 

2. Create in maps, pictures and print 
directions to homes. 

3. Write rules for pet and plant 
care. 

4. Write science experiments. 

5. Write recipes. 

1 Use a classroom post office. 

2. Set up work and interest groups 
with elected officers as a club. 

3. Form committees for special 
projects. 

4. Engage in partner reading ^nd 
writing. 

5. Engage in written conversation. 

6. Write text through the language 
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Personal 
"Here i come" 



Heuristic 
"Tell me vthy" 



Imaginative 
"Let's pretend" 

Informational 
"Something to tell you" 



8. 



3, 
4. 



1 . 



2. 



experience activity. 

Share work with other children, 

groups or classes. 

Work together to write and act out 

plays . 



Write books about 
letters to penpals, 
ies, personal survey. 
Express feelings through 
cussions 
ings. 



own interest, 
au tobi ogr aph- 



and writing and 



dis- 
drav7- 



Discuss, read, and write about 

points of interest in, science, 

math, social studies. 

Ask and answer questions through 

direct experiences (make apple 

butter, visit petting farm, fire 

station, etc.) . 

Read to children daily. 

Children read and write daily. 



1. Story- telling, drama. 

2. writing of plays. 



Produce language by describing an 
object, event or person; make a 
newspaper, a poster, a report. 
Send messages. 



Every teacher ^its tor an incident vAich makes all her years of training 
and devoted work seen, worthwhile. The moment I cherish cafe when I was in^ 

reller?""% V ""^^^ ^"^^ ^"^^ ^ better a. a 

Hit I J ; '"'^ ^° write books for kids," some replied. "i-d 

ai^hor ^ fhers responded. "Maybe someday ' i' 11 be a famous 

ina ^e^eral more, why did these replies excite me as a read- 

iJeorT'thal f ^^"^^ children had underscored the basis of my reading 

aain Th ; ^°"^^^"^ting meaning for others through writing, children 
print ""^^"^^^^^"5 reading is a process of getting meaning from 

^it.r'^^ 'T'''' ^^i""^"^ °f ^^hool, I address my first graders as readers and 
ZnltlVr. ^j^^^t^"^ atmosphere prevails, one in which risk-taking, experi- 
co,™^H ' -^.f P«"-^-tence in reading and writing are accepted and en- 
couraged, with, an emphasis on "making sense." 

Robyn, using a picture as a stimulus, writes. . . 

My wave's ror i make reflektions i carry boats for i am the river 
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*In writing to a professional author^ it is obvious that Matt views himself 
as an author as well: 

Dear Walter 

I Like The Book you roet The Drragen taeks a wiEP, I Like KietS 
and Drragens alot, . I Like To Make Books too. How Log did it take to 
• riet the Book? I will sand you a Book I Maes, Waet is Your aaedrrase? 
and ziq cowd? 

from Matt R. 

After deliberately stomping on my bare toe with his combat boot, Bill, the 
class challenge who would test any teacher's endurance, writes, •• 

Dear Ms Cope Ian 

I am vre sre for atopeg on yor feet and doegg rog tag I am goyg to 
bee good > 

- Prom Bill 

Not too many years ago I would have viewed these writing pieces quite 
differently, focusing upon spelling, punctuation, and grammatical errors, 
.and overlooking the power of children as meaning makers, I firmly believe 
that these children write because the classroom atmosphere encourages taking 
risk with language and because they know they are respected as individual 
learners. 

In my ninth year as an, elementary teacher, I began to question my method of 
teaching reading, upon hearing of the approach called "whole language," 
Because I needed and wanted justification and proof of its effectiveness, I 
began a five-year graduate program in the area, of reading, and became 
actively involved with research in my -'own classroom to determine what in- 
structional method would most benefit my students. 

Like many other teachers, T previously relied on my textbook manuals and 
standardized tests to' guide my instruction, not formulating a personalized 
theory base of teaching reading. Due to the information, research, and 
mostly the progress of my students, I formed a strong theory base which 
reflects the whole language approach. 

Whole language teachers foremost respect children striving to learn the 
reading and writing processes, A \^oie language classroom is a place in 
which children can continue thair language learning in a positive way, one 
in Which they can take risks, not being afraid to make mistakes vrtiile making 
sense of their world. The whole language teacher is concerned with the 
effe'ct schooling has on children, realizing that classroom encounters can 
make the difference between children becoming active learners and passive 
casualties of the educational system. 

Teachers become facilitators of language learning with a major goal being to 
issue invitations to students to read and write, helping them become respon- 
sible owners of their own language. They are encouraged to be risk-takers 
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and independent decision-makers. Invitations are offered vd.th the use of a 
vast number of materials and activities that give children a real purpose 
for reading and writing, , r r 

The materials and activities offered in a whole language classroom take the 
place of the all- too- frequent reading groups that waste readers' and 
•writers' time by using artificial reading activities and fragment language 
by teaching isolated skills, consequently stifling progress and frustratina 
children, ^ 

The whole language approach personalizes that reading program by meeting the 
specific needs of each student. Children do not learn isolated skills, then 
read and write, but become proficient readers and writers by reading and 
writing. When children learn to ride bicycles, we don't have them memorize 
all the parts before getting on to ride, instead, they learn by riding 
falling, and trying again. They learn through practice and mistakes. 

By sampling print, predicting, confirming or rejecting their predictions 
children construct meaning — through reading, ' ' 

By selecting and considering topics, drafting, revising and editing, child- 
ren construct meaning through writing. Their writing should never be judged 
on the basis of a rough draft, ' After all, how many writers stop there? we 
may have lost many gifted writers because the expectations of teachers con- 
cerning quality in writing (form) were" out of perspective with the focus of 
the child (message), 

April: 

Terry, a new boy in class, writes a story: 
' A tger A gril 

writing from the perspective of a puppy. Matt j, produces a rough draft to 
be revised, and then edited, , ' 

After Matt writes his rough draft, he and I hold a coriference, in which he 

finds many of his punctuation, spelling, and grammatical errors," After the 

revision process, he consults friends and the dictionary to share his" final 
story, /' c 

r 

My brother Russell and I were playing when we were getting ready to be 
sold, we heard Matt say that he need a puppy, we tried to be real 
good so that we could be one of the puppys. Then \te found out how it 
was. When we got home he shut us up and wouldn't let us out of the 
house or feed us, so we got hungry. Finally he let us out but we had 
to find shraps. One day I told.hiv.i that a puppy , was a big responsi- 
bility and that he would have to feed us everyday and a puppy is not 
just let in and out. He said that he didn't have enough money I said 
you should have thought about it before you got us. So he got a doctor 
feed and we got lots of food. 

The following classroom activities are some frequently used in the develop- 
ment and implementation of the whole language approach: 
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a. A Sustained Silent Reading Program - in which the class silently 
reads self-selected materials for a given period of time daily - is recom-- 
mended because it is believed that children learn to read by reading as 
suggested by Prank- Smith in Reading Without Nonsense (1979), 

b. Yours, Mine, and Ours Selections - This is an individualized method 
of book choices. The Yours selection is made by the teacher. The Mine is 
the student's choice made without adult influence. The Ours selection is 
made by mutual agreement between reader and teacher. The class could be 
divided into interest groups for discussion of reading material (Goodman and 
Watson, 1977), A reading program to live with: Focus on comprehension. 
Language Arts , Nov./Dec* 1977, 54(7). 

c. Personalized Reading" - This is a method for providing books that 
include stories of people who have similar problems or experiences relating 
to the reader, A good resource is The Bookfinder by Dreyer. 

a 

.d. Writing - In agreement with early writing researchers, an important 
aspect of the whole language concept is the student's ability. to use writing 
to get to reading. C. Qiomsky "Write First, Read Later," Childho od Educa- 
tion 1971, proposed that by dealing , with writing before reading, children 
will have the opportunity to become active participants in teaching 
themselves to read. 

# ■ . ■ 

Donald Graves suggests three stages to encourage writing, ("Balance the 
Basics: Let Them Write." Learning , April, 1978.) First, there is a pre- 
composing. stage which is a. preparation time for stimulation through art, 
reading, discussion/ reflection or reaction to experiences. The next stage 
is composing. When the actual construction of materials occurs. The last, 
referred to as the post-composing stage, is the time to observe what child- 
ren do with the product created. They may share it, solicit approval, 
proofread, edit or ignore it. Graves believes, "Children should rate their 
own work and be aided in developing their own criteria," 

Since it is repommended that children be encouraged to use their writing 
ability, some of the possible activities are: Sustained Silent Writing, 
based i?pon the Sustained Silent Reading concept, a daily journal, written 
conversations, letters to pen pals, writing text for wordless books, making 
their own fiction and nonfiction books, 

e. Predictable. Books - Use of stories with predictable language allows 
readers to predict what the author is going to say. The more readers can 
predict the content and the language of a story, the more readable the story 
becomes to them, making the reading process more accessible to beginning 
readers. Using predictable materials develops the readers' confidence in 
their ability to handle print, 

f. Extended Literature Activities - Involving children with good 
children's literature is of prime importance; children need to be read to 
daily.* The stories can also bs used to stimulate additional reading and 
writing activities. For example: 
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The teacher reads The Little old Man Who Couldn' t Read • by irma S. Black. 



This book relates to jobs, economics, reading, writing, art and math* After 
the book has been read, discussion of the story follows. The children are 
then encouraged to play a game using food product containers. As the 
teacher holds up a box a ^hild reads the label becoming the owner of that 
box. After all the children have an item they are given paper to make an 
advertising poster of their product* Discussion of how the posters will be 
used in a grocery store they will set up follows in a brainstorming session 
to decide how they should, set up the ^ store. Such things ,-rS the jobs at 
which people work in grocery stores, how various foods are arranged within 
the store, and what customers need before going to the store are discussed. 
The store is then set up. Problem solving activities are centered on making 
objects vfor the store, making money, making a cashier stand, making 
advertisements, v^ere to place products, making shopping lists, actually 
shopping, a field tx'ip to a real grocery store adds valuable means of 
bringing the child's real world to the classroom. 

Material on making money, grocery store settings, food processing, are made 
available for the children to read , 

Using these types of activities raise a concern about the use of computers 
in the classroom dealing with reading and writing because language learning 
is being viewed as a social and natural process and the language arts curri- 
culum is being generated by the. needs of students to interact with others to 
become proficient language users. 

To date the computer software I have seen comes directly out of a skills 
acquisition model of reading. The focus is on small units of language 
(sound symbol relationships, syllables, morphems, etc.). At best, I've seen 
rather contrived short stories (one or two paragraphs). In effect, 
the skills sheet or the textbook format of a story followed by end of 
chapter test questions has been transferred to the screen. 

Because of my reading program i feel it is essential , that the use of 
computers not be a means of providing meaningless time-wasting tasks; rather 
the. use of computers should advance children in their encounter to become 
proficient readers and writers, supportive of . the Ifinguage arts . curricula 
that respect children's natural language ability 'and desire to become 
literate. 
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TEACHING AND TEACHING WRITING IN THE AMERICAN SCHOOL 



Brooke Workman 
English Department 
West High School 
Iowa City, Iowa 52240 . 

# 

I have .been asked to describe and assess the teaching of writing in the 
American high school today, as well as to reflect on computers in education. 
That's a big job. If I were teaching, in New Zealand, a country which I 
closely observed the past summer, I could analyze their writing program. It 
is a national program, mandated and operated by the federal government in 
the capital of Wellington. But here in the United States we live and W3rk 
in high schools- whose teachers, administrators, and curricula are guided by 
myriad forces — local, state, national, individual and departmental. 

So what is the Truth? 

For the moment, 1, am going to take my direction from those 19th Century 
Tr'anscendentalists who believed that Higher Truth or "Macrocosm can be dis- 
covered by examining Microcosm. And so I am going to discuss first Monday, 
September 27, 1982, at West High School in Iowa City, idwa — especially in 
Room 105. That's my school; that's my classroom. Microcosm. And then I 
will try to relate my experience to what I believe is happening in America. 
Macrocosm. 



Teaching in an American High School: September 21, 198 2 
(1 ) 7:30 a.m. 

I arrived at West High School with ten paperback copies of works by Ernest 
Hemingway, which i had purchased at a Des Moines used book fair on Friday 
night. Our low English department book budget needed some personal assis- 
tance, and I was already thinking ahead to my spring seminar on the Nobel 
prize winner. Even though that seminar would now be three sections, I knew 
that this was the perfect setting for teaching both literature and writing: 
only, sixteen students in each section working together in a dynamic process 
of in-depth study of a single author. Here we would read aloud, discuss 
Hemingway's style and themes, and 'explore everything from pre- writing to 
peer evaluation, from skill goals on such things as introductions and sen- 
tence combining to composing and editing seven position papers in twelve 
weeks,. 

With less than an hour before my first class, I hurried to the school office 
for my mail and then to my classroom where I stacked the books and checked 
my lesson plans for the day.- My mail included an approval, without funding, 
for a one-day professional leave to attend a writing conference at Drake 
University and a reminder that my faculty committee on writing course des- 
criptions for next year's 9th grade handbook would meet Thursday. The 
committee of four includes two English teachers . 
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Just as I prepared to go to the media center for today's audio-visual equip- 
ment, Electra Coucouvania -ame into the room— smiling, A senior who had 
been a member of my college prep classes last spring, she had just received 
notification that she was a national finalist in the writing competition 
sponsored by the National Council of Teachers of English (NCTE) • 

(2) 8:20 a.m.. Period 1, American Literature 

After taking roll, i returned the corrected 30 Line Alternate Basic Skills 
Test answer sheets to those students v^o had voluntarily come in after 
school last Thursday to improve what I believe are the cosmetics of writing- 
-twelve mechanical skills ranging from spelling to parallel structure. Con- 
cerned about student maintenance and consciousness of these important mecha- 
nical skills, especially in content courses, i had developed a proofreading 
test program which included review and instruction of the tivelve skills, a 
test with high interest content, a student diagnosis sheet to record indivi- 
dual errors, and a reward system for students willing, to take an alternate 
test after the answers had been discussed. i complimented those students, 
noting an 80% improvement on their previous scores, 

. • • s • 

Next I announced that John Leggett, author and director of the University of 
Iowa Writer's Workshop, had agreed to meet with our combined American liter- 
ature classes next Monday to discuss writers and writing. 

Finally, I reminded the students that Wednesday would be the day for writing 
and proofreading their latest assignment, an analysis of a short story of 
their choice. Though we had spent nearly four weeks discussing modern short 
stories and a method of literary analysis, some students revealed very 
natural concerns about focus. Some were concerned about tho quality of 
their latest drafts, I encouraged the first group to focus on two key ques- 
tions: "Does your story relate to you, to your life? Can you relate to the 
plot or a character or the central idea in. concrete terms of something you 
have read or felt or done?" Then I set up appointments wi.th the others to 
see me during my conference period or after school today or tomorrow. 

Now came the lesson: the American author. Since I wanted my students to. 
know something about people who write and publish, we had spent last Thurs- 
day discussing how authors are published and on Friday seen a film on Ernest 
Hemingway, Now it was time for them to become actively involved through 
research, speaking, listening, and writing. So, I described their next as- 
signment, pointing to a list of fifty writers ' names on the chalkboard. 
Each student would select an author; find * anecdotal, biographical, ' and 
literary material about the author; and present a speech which his/her 
classmates would eventually use in writing a profile essay on what American 
authors seem to have in common. After the students volunteered for their 
authors, I began their note-taking by giving a seven minute speech on Thomas 
Wolfe, In the final minutes of the period, i showed slides of Thomas Wolfe 
and the Munich Oktoberfest, having already discussed the writer's unfortu- 
nate f is tfight^. at the fair in 1937 and his account of the f*air in The Web 
and the Rock^(1939), . ' ' 
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(3) 9s20 a.m. to 11:20 a.m. 

I ropeated the American literatvir© leseon to my second and third poriod 
sectione. Nci,w I had taught a total of 82 atudonta. 

(4) Lunch 

Durlnq our half-hour lunch, I ate with a young Engliah department colleague' 
and a student teacher of English. Kevin, who teachoa one of our school s 
three strictly defined writing couraeB, was dopre«aed. He had just read a 
newsmper article about proposals for encouraging mathematics and science 
teachers to stay in high schools. "They want to pay those teachers more 
than the rest of us," he said. "This has got to be my last year. I hfiye 
all but the dissertation, but there is no future in this profession. Kevin 
'.la a popular andtWli-trained English toacher> and I told him that he was 

-wlwit young people :^e8perately: n^^^ the way," I asked, "how many hours 

do yorhave in writing or the teaching of writing?" "At least thirty," ho 
told me. " Then I asked the student teacher the same question. "I took 

i required Rhetoric as a freshman," she said, "and a friend and I taught a 
unit on writing in pur English methods course." 

. (5) n s55 a.m. , Period 4, American Humanities 

This ■ intordlflciplinary electiyo of twenty-five juniors and seniors had 
finisKod "The Idea of Culture" section and then^»cho8en the 1960' a for study. 
Last Week they began reading social history;.' for their small group discus- 
sions next week. ' , V = 

, Today,' I would Initiate a aobond aosignmentt Activity Committees. 

Activity committees' would give the'students an opportunity to explore the 
1960'a in a different way-through research,' writing, speaking, visualizing. 
After:: explained the choices,: they volunteered: some ;to toke a claBsroom 
bulletin board to develop a visual concept; of „the docade, others to collect 
and present i960's artifacts, and, an even larger group to make a class hand- 
book. While the'' first two committees would work closely together, the hand- 
book committee would divide into wtiting teams on such things as The Story 
of the Year", slang, fads and fashions, "Man of Decade", and Woman of the 
Decade". Finally, I described the available materials in the alassroom and 
the plana for tomorrow's research in the library and for committee meetings. 

(6) Conference Poriod^ 5th Period 

NO classes n6w. I 'hurried to the library to remind the head ■ librarian of 

tomorrow's rQsoarchers Cor both literature an<il humanities 'classes-and I 
■ took along the A-V equipment for the media center. I know that I must get 

back'for my^conferences on rough drafts.. .In the halls I met Tukkar Hokan- 
-flcn, now a senior and another former student. Ho asked mo to look aH a 
. rough draft of a paper that would be part of an application for becoming a 

Presidential Scholar. ' 
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.nL H . 1930-8 Section ol= Amoricnn hunwu.ltioa, nnd i pro- 

icrin/ .7 Co,„nH t:t«««.-o„ly I took vol untoorH for / r 

acitpt which thoy would tape aa tSbir fitwil product. , 



(8) 3:50 p. 



The bu/.«or Hou.idod, onding 6th Poriod, and I roturnod to my do«k to atudv 
Tukk«r'e „m„u«cript. i saw that he had cjood idoaa and orqa, i.«Uo„ but n 

bicyclo rido,' I nuqcjoatod. "'You ar« a champion rncor,-and -/ou havo riddor. 



Tomorrow. l boqan to think of tomorrow's lo«,,onfl and tho«« 0:> Hhort Htory 

U o^.'r T 7"'"'- ' -'-'^^^ ^^^^out ton minutoH a paper c) 

.ninutos, over 13 hourn of correcting and .suqyoating, mostly at homo. 

And thon I wan brought back to roality. "could you holp mo?" a troublod 
voice a«kod. Thor« was Laurio Schintlor, a junior from ny 3rd rx^riod a A 

Laurio anld, "but I v^uld like to talk with you about it 'boforo T ho<H . 
writing tonight." "Sure," i .nid. "Lot's talk^bout it." 

. "Boforo you begin," said Phil, "1« it all right le i turn In my analv.lH on 
computor fvtpor? Wo havo a word procoH-sor at homo." . ' ^" '"^ nnal,y.,lB on 

Toachinq Writing In America ^ 

The TranscondontallBts, boliovo that a drop of water rovealB the rWor „ut 
can an EngllBh and hunianitioa clasBroom at We«t f.igh School in a rivc^ra >y 
AmerSr" " t:ho .tate of lown revoal anything about the otato of wr t , ' 
America?. .I'm not sure. Jjut I think so. 

jLrmuT rtJink Zt-T*'''''""" ""^ n,y reading of public and profosalonal 
jour ala, I think that I can tranacend my Immodiato situation. And T think 
. I can^tranolate my Soptombor day and my 24 years of teaching and my work 
with the NC-i'R, the National Education Asaociation, and the North Ccn^a^ 
Aaaoclation into at least five obeorvationfj . central 

The teach ing of writing ia an exercino in j^^t wJiat la 

itl t^" doflnitlonn: making an outline and then ^writing fro 

it a '.eivQ paragraph paper that always haa a thoaia in the introduction 

"t! T'^' :i and clrcimg everi^^o'tha'Tf"!" ! 

rect, a proceao that beg ina with outlining sentencea and roviowing mrta of 

'""tS Z['iT <'i-ourae, a complicated procoaa that ^Tvo ve 
thinking. ihi« thinking process Includes talking, researching, coaxing 
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what one moons to the aurfaco through writing words on papor, being aw«ro of 
an audience. Experienced teachers know that writing is more than the nocea- 
aary coametics of spoiling and punctuation or the relationship of grammar to 
written exproflpion. 

OlBCourae also must ultimately answer an oven more important question, for 
our students, "Why should one want to write anyway?" Again, experienced 
teachers know that writing, whether it be an analysis of a short story or a 
1930's-8tyle radio script, is essentially oelf-oxpresHion based on ex- 
perience, on a student's own ixjrceptiona and research. Thoy-know that land- 
ing students through the process of writing, from prevision to revision, 
will not only give young people practical skills for success on the job or 
in college but also will n«»ke thom better learners. Writing gives students 
a chance" to review and revise their thinking, to match ir, words what they 
are thinking. Ultimately, this process contributes to remembering. 

Through diflcourso, my students creatJ knowledge about themselves and thus 
record their personal growth. .The result is a kind of human development 
that Henry David Thoreau once called "being alive". / . 

TWO. The hnach ina of writing shoulc. occur in a supportiv'o environment. 
While exposure to a variety of writing modes can provide motivation the 
inexperienced writer also needs continual support from both peers and the 
instructor. Unfortunately, most classrooms are taught by those without much 
formal training in the teaching of writing,^ often in classrooms '^^ith more 
atudentfl than recommended by Gone V. CVaso and Mary Leo Smith of the Clasa 
Size and Instruction Project. Nevertheless, there are experienced teachers 
who write and know how to create supportive environments through small group 
activity, private conferences, positive and useful written comments, peer 
evaluation, and recognition through local or contest publlpation. These 
teachers know that writing is hard work with successes and failures, and 
tfey invite other authors to their classrooms to snare their experience. 
Always they remain confident that Btudents can write and can be helped to 
write better. 

Three. The tnMch inq of writing is hard work, often unrewardin g drudgeyx^. 
^^^nn nx j^T^d and vet criticized by those who shoul d support it . Wo live 
- in a society that deligh ts in exploiting problems by oversimplifying them, 
then reacting to our oversimplifications, and finally Reacting to our re-, 
actions. Such has been the case dince 1975 when Newsweek hit the panic but- 
ton with its cover story, "Why Johnny Can't Write". A nation, then haunted 
by Vietnam and Watergate, soured on th« altruism of the 1960'8^with its be- 
lief that education could solve most of our national problems, began to find 
ftuin wJth the Miss Doves in the English classroom. With the graphs chart- 
ing the rise of inflation and unemployment and the decline of standardlisod 
test scores, there appeared the so-called . "writing crisis" which was part of 
a broader "back-to-baslcs crisis". 



203 



20(j 



But ao.no thing, did not change for my coiionguos. bundles of themo.s to c.rry 
homo large cla«a si..o«, a bnso salary that did not rise with the Is of 

English department. ,Yet, some thinga did change: docUnlng budgets whic 
meant probloma of attending profon.sional meetings and conferences, tL^r of' 
our top students intero«tod in becoming teachers, more television advertlso- 

rnrun^r:;"" "'"'""'^ can-not write, and" more book companiorcl"- 
ing up Lheir old grammar book« and workbooka on tho cosm.e ticf. of writing 
Worat of ail, many of our bent tonchora have decided that it in time to 
leave the classroom. A« tho Chairman of the University of Iowa KducTtion 

--^^^ ~^ -° --.t eam a« '.l°" 

' ''O'"^- Tho^egicl^^ revolution in the past twenty 

hat a.s the ml.sory inoraasod «o did the "Siting theory and research on he 
teaching o writing, it is more than sad that those same teacherno fe 
|v,y^cann«t afford an NCTR membership or a trip to a writing conference d 
areyotten not oven allowed to attend such a conference by district, t at 
cannot afford .subHtitutoB) are just beginning to hear of U.o work of m cl 
educatora as Janet E,nig, Sondra Perl, Prank O'Hare, Linda Flower, Loe od n 
^ame« Britton, Donald Graves, Nancy Martin, William "s trong , Cha;ie8 Coo or 
Donald Murray, and James Moffett. However, thanks to the Carnegie Cor or^^^ 

ti dltcL " '"-^ -nany teachers have "run 

to discover the revolution in teaching writing at summer writing proleots 
inspired by the 1974 ..,ay Area Writing Project- at the University of'ca tJor: 
nia at Borke ey, over eighty such programs now gather teachers to write and 
to explore the new Ideas about oral composing, dialect, free writing, sec- 
ism, ■ and holistic grading-to name a few. concerns of the writing process. 

NOW the revolution is providtng weaponry against wliat Prank Smith calls the 
twenty-two myths about writing, which include: "People who do not the ! 
solves enjoy and practice writing can teach children how to write." 

Five '-fecom^^ n ot fully understood by most tann W.m of 

writing. The computer is largely THT^h ^ed frontier. While the lo Wl^' 
English Jpurn ^ may contain an article entitled "Electronic Editing as a 
Tool" and the 1982 October session of the Phoenix ' Southwest Writing Cou- ' 
torence .nay include a presentation on "Micro-computers in the Language Arts 
Classroom", most Kngliah teachers still work with books, paper, ,x „ci Is 
pens, and chalk. My high school has six Apple II computers--for thi ,^thel 
matics department. Wo have no word processors. None of my English collea- 
gues owns a computer or processor. 

rnLr''\^'"'''^"? """^^"^""^ budget, paperbacks, textbooks, and the 

XEROX machine the cpmputer is no more real than Walt Disney's TRON. And 
they must bo forgiven for. their skepticism, if not^ for their concon, be- 
cause they have road wall their Orwell, Huxley, and Vonnogut. Thoy are 
concerned about nw,chino» that could replace thom-or even worse destroy the 
Hupport.ivo classroom. "Don't lot them sell you an electronic workbook," 
thoy told mo after i .described the Pittsburgh conference. They do not 
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understand how a computer can correct all those bundles of essays, how it 
can narrow a topic or create concrete support, define a student's exper- 
ience, and humanly and humanely reinforce learning. 

I don't know. I'm not sure. -But I admit that I am afraid of losing the 
irreplaceable. Perhaps I can best explain my feeling by quoting a note that 
I recently received from a former student now at Carle ton College: ^ 



Dear Dr. Workman, 



I was in the bookstore and when I saw this card I couldn't resist 
sending it to you. I'm seriously considering sending one of these to 
ole J.D. himself. I even found another Salinger nut— I live in an 
apartment with four girls, one of . whom is a salinger freak like 
myself. That was the best class! I think I have yet to write a 
paper that I was more satisfied with than the ones I wrote for that 
seminar. 

Jennifer 

Jennifer had gone through an intensive reading and writing process. She had 
defended her papers in front of the group and later written a hilarious 
parody of J.D. Salinger.- She had thought about everything from Zen Buddhism 
to the problems of non-conformity. Will computers be able to create the 
depth of her experience? 

Of course, I also know Phil Chu. I like him, and he writes well. I even 
envy his word processor, as I did those owned by three seminar students last 
spring. And I worry, about my other students. When former FCC commissioner 
Nicholas Johnson visited my classroom and told my students that they had 
better learn about computers or be doomed, I worried about that. While I 
cannot see myself in Alvin Toffler's electronic cottage, I think that I am 
ready to ride the Third Wave. After all, I have just begun to understand 
the writing revolution created by my own colleagues.- If computers— or any- 
thing for that matter— can enrich the lives of my children, my students, 
then — ^.heyl — I am ready to listen and to learn. 
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CULTURAL LITERACY* 



E.D. Hirsch, Jr. 
Departmeijyt of English 

University^of^ Virginia 

7' " ' Chairlottesville^-Virginia 22901 

I. The Dispersed Curriculum and the New Illiteracy 

IZahtL^^'' 'T-^''^ ^ have been pursuing technical research ' in the 

Jeclare^w Tl^"^ T "^^^^"^V ^ to emerge from my closet to 

declare that technical .research is not going to remedy the national decline 
in literacy that is documented in the decline of verbal scores, we already 
^"""^ methodology to do a good job of teaching reading and 

Zlin7.' K ! """""^ "^"^^ ^"^^"^ ^""^ '^""^"^ ^^^11 ^°"t teaching 

n^Snn!' ? ^""^^ "^^"^ computers, better teaching technique alone w^uld 
R^i^^na.r'' ^ ■""^^"^1 improvement in the literacy of our students, 
of ?nc=l ^"^^ writing levels will depend far less on our methods 

of instruction (there are many acceptable methods) than on the specific 
se^r'l^'.f """^ curricula. Commonsensical as this propositiofmight 

seem to the man in the street, it is regarded as heresy by many (i hope by 
ever fewer) professional educators. The received and dominant view of edu- 
cational specialists is that the specific materials of reading and writing 
qualify interchangeable so long as they are "appropriate,", and "high 

But consider this historical fact. The national decline in our literacy has 
accompanied a decline in our use of common, nationwide materials in the 
subject most closely connected with literacy, "English." From the 1890's to 
1900 we taught in English courses what amounted to a national core curricu- 
lum. As Arthur Applebee observes in his excellent book Traditio n and Reform 
ift the Teaching of Englis_h, the following texts were used in those days in 
more than twenty-five per cent of our schools: "The Merchant of Venice," 

"w.ia^ • ^""''^^ "^^^ oration," "The sketch Book " 

Evangeline," "The Vision of Sir Launf al, " "Snowbound," "Macbeth,". "The Lady 

of the Lake," "Hamlet," "The Deserted village," Gray's "Eleay " 
Thanatopsis," "As You Like It." other widely used works will trike a 

resonance in those who are over fifty: "The Courtship of Miles Standish," 

CnLrffTr.?'...?^^^^""^ "^'^^^^'^ro," "Lycidas," "ivanhoe," "David 

Copperfield," "Silas Marner," etc., etc. 

Then in 1901 the College Entrance Examination Board issued its "first "uni- 
form lists" of texts required to be known by students in applying to col- 
leges. This core curriculum, though narrower, became even -more widespread 
than the earlier canon. Lest anyone assume that I shall urge a return to 
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those particular texts,- let me at once deny it. By way of introducing my 
subject, I simply want to claim that the decline in our. literacy and the 
decline in the commonly shared knowledge that we acquire in school are caus- 
ally related facts. Why this should be so, and what we might do about it, 
are my twin subjects. 

That a decline in our national level of literacy has occurred few will seri- 
ously doubt. The chief and decisive piece of evidence for it is the decline 
in verbal SAT scores among the white middle class, (This takes into account 
the still greater lowering of scores caused by an increased proportion of 
poor and minority students taking the tests,) Now scores, on. the verbal SAT 
show a high correlation with reading and writing skills that have been 
tfested independently by other means. So, as a rough index to the literacy 
levels of our students, the verbal SAT is a rel le guide. That is unsur- 
prising if we accept, the point made by John Carroll and others that the ver- 
bal SAT is chiefly a vocabulary test, for no one is surprised by a correla- 
tion between a rich vocabulary and a high level of literacy, A rich vocabu- 
lary is not a purely technical or rote-learnable skill. Knowledge of words 
is an adjunct to knowledge of cultural realities signified by words, and to 
whole domains of experience to which words refer. Specific wotds go with 
specific knowledge. And v^en we begin to contemplate how to teach specific 
knowledge we are led back inexorably to the contents of the school curricu- 
lum . v^ether or not those contents are linked, as they used to be, to 
specific texts, . ^ ■ 

From the start of our national life, the school curriculum has been an espe- 
cially important formative element of our national culture. In the schools 
we not only tried to harmonize the various traditions of our parent cul- 
tures, we also wanted to strike out on our own within the dominant British 
heritage. Being rebellious children, we produced our own dictionary, and 
were destined, according to Melville, to produce our own Shakespeare, In 
this self-conscious job of culture-making the schools played a necessary 
role. That was especially true in the teaching of history arid English, the 
two subjects central to culture-making. In the nineteenth century we held 
national conferences on school curricula. We formed The College Board, 
which created the "uniform, lists" already referred to. The dominant symbol 
for the role of the school was the symbol of the melting pot. 

But from early times we have also resisted this narrow uniformity in our 
culture. The symbol of the melting pot was opposed by the symbol of the 
ste:^ 'POt, where our national ingredients kept their individual charac-- 
teri sties and contributed to the flavor and vitality of the whole. That is- 
the doctrine of pluralism. It has now become the dominant doctrine in our 
schools, especially in those subjects, English and History, which are 
closest to culture-making. In math and science, by contrast, there is wide 
agreement about the contents of a common curriculum. But in English 
■ courses, diversity arid pluralism now reign without challenge. I am per- 
suaded that if we want to achieve a more literate culture than we now have, 
we shall need to restore the balance between these two equally American 
traditions of unity and diversity. We shall need to restore certain common 
contents to the humanistic side of the school curriculum. But before we can 
make much, headway in that direction, we shall also need to .modify che now 
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dominant educational principle which holds that any suitable materials of 
instruction can be used to teach the skills of reading and writing. I call 
this the doctrine cf educational formalism. 

II. Formalism and Pluralism, in the Schools 

The current curriculum guide to the study of Engish in the State of 
California, is a remarkable document. in its several pages of advice to 
teachers I do not find the title of a single recommended work. Such "curri- 
cular guidei" are produced on the theory that the actual contents of English 
courses are simply vehicles for inculcating formal skills, and that contents 
can be left to local choice. But wouldn't even a dyed-in-the-wool formalist 
concede that teachers might be saved time if some merely illustrative, non- 
compulsory titles were listed? of course; but another doctrine, in alliance 
with formalism, conspires against even that concession to content— the doc- 
trine of pluralism. An illustrative list put out by the state would imply 
official sanction of the cultural and ideological values expressed by the 
works on the list. The California Education Department is not in the busi- 
ness of imposing cultures and ideologies. Its business is to inculcate 
skills" and "positive self-concepts", regardless of the students' cultural 
background. > The contents of English should be left to local communities. 

This is an attractive theory to educators in those places where spokesmen 
for minority cultures are especially vocal in their attack on the melting- 
pot Idea. That concept, they say, is nothing but cultural imperialism, 
(true), that submerges cultural identities (true), and gives minority child- 
ren a sense of inferiority (often true). in recent years such attitudes 
have led to attacks on teaching school courses exclusively in standard 
English; in the bilingual movement (really a monolingual movement) it has 
led to attacks on an exclusive use of the English language for instruction. 
This kind of political pressure has encouraged a retreat to the extreme and 
untenable educational formalism reflected in the California curriculum 
guide . 

What the current controversies have really demonstrated is a truth that is 
quite contrary to the spirit of neutrality implied by educational formalism. 
Literacy is not just a formal skill; it is also a political decision. The 
decision to want a literate society is a value-laden one that. carries costs 
as well as advantages. English teachers by profession are committed to the 
Ideology of literacy. They cannot successfully avoid the political implica- 
tions of that ideology by hiding behind the skirts of methodology and • 
research. Literacy implies specific contents as well as formal skills. 
Extreme formalism is misleading and evasive. I wish now to illustrate that 
point with some specific examples, 

III. The Limitations of Formalism 

During most of the time that I was pursuing research in literacy I was, like 
others in the field, a confirmed formalist. In 1977 I came out with a book 
on the subject. The Philos ophy of Composition , that was entirely formalistic 



in outlook. One of my arguments, for instance, was that the effectiveness 
of English prose as an instrument of communicafcion gradually increased, 
after the invention of printing, through a trial and error process which 
slowly uncovered sorae of the psycholinguistic principles of efficient commu- 
nication in prose. I suggested that Freshmen could learn in a semester what 
earlier writers had taken centuries to achieve, if they were directly taught 
those underlying psycholinguistic principles. (With respect to certain 
formal structures of clauses, this idea still seems valid,) I predicted 
further that we could learn how to teach those formal principles still more 
effectively if we pursued appropriately controlled pedagogical research. 

■ / 

So' intent was I upon this idea that I undertook some arduous research into 
one of the most important aspects of writing pedagogy — evaluation. After 
all, in order to decide upon the best methods of inculcating the skills of 
writing, it was essential to evaluate the results of using the different 
teaching methods. For that, we needed non-arbitrary, reliable techniques 
for evaluating student writing. In my book I had made some suggestions 
about how we might do this, and those ideas seemed cogent enough to an NEH 
panel to get me a grant to go forward with the research. For about two 
years I was deeply engaged in this work. It was this detailed engagement 
with the realities of reading and writing under controlled conditions that 
caused me finally to abandon my formalistic assumptions. (Later on I dis- 
covered that experimentation on a much bigger scale had. brought Richard C. 
Anderson, the premier scholar in reading research, to similar conclusions.) 

The experiments that changed my mind were, ;>riefly, these. To get a non- 
arbitrary evaluation of writing, we decided to base our evaluations on 
actual audience effects. We devised a way of comparing the effects of a 
well-written and badly written version of the same paper. Otir method was to 
pair off two large groups of readers (about a hundred in each group), each 
of whom when given the same piece of writing would read it collectively with 
the same speed and comprehension. In other words, we matched the reading 
skills of these two large groups. Then, when one group was given a good 
version and the other given a degraded version, \^ measured the overall 
effect of these stylistic differences on speed and accuracy of comprehen- 
sion. To our delight,^. we discovered that good style did make an appreciable 
difference, and that the degree of difference vas replicable and predict- 
able. So far so good. But what became very disconcerting about these 
results is that they came out properly only when the subject matters of the 
papers were highly familiar to our audiences. When, later in the experi- 
ments, we introduced unfamiliar materials, the results were not only messy, 
they were "counterintuitive," the term of art for results that go against 
one's expectations, (Real scientists generally like to get counterintuitive 
results, but we were not altogether disinterested onlookers, and ware dis- 
mayed.) For, what we discovered was that good writing makes very little 
difference when the subject is unfamiliar. V7e English teachers tend to 
believe that a good style is all the more helpful when the content is diffi- 
cult, but it turns out that we are wrong. The reasons for this unexpected 
result are cor:plex, and I will not pause to discuss them at length, since 
the important issues lie elsev^ere. 
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Briefly, good style contributes little to our reading of unfamiliar material 
because we must continually backtrack to test out different hypotheses about 
what is being meant or referred to. Thus, a reader of a text about Grant 
and Lee who is unsure just v^o Grant and Lee are would have to get clues 
from later parts of the text, and then go back to re-read earlier parts in 
the light of surer conjectures. This trial-and-error backtracking with 
unfamiliar material is so much more time-consuming than the delays caused by 
a bad style that style begins to lose its importance as a factor in reading 
unfamiliar material. The contribution of style in such cases can no longer 
be measured with statistical confidence. 

The significance of this result was, first of all, that one cannot, even in 
principle, base writing evaluations on audience effects — the. only non-arbi- 
trary principle that makes any sense. The reading skill of an audience is 
not a constant against \^ich prose can be reliably measured. Audience 
reading-skills vary unpredictably with the subject matter of the text. 
Although we were trying to measure our prose samples with the yardstick of 
paired audiences, the contrary had in effect occurred; our carefully con- 
trived prose samples were measuring the background knowledge of our audi- 
ences. For instance, if the subject of a text was "Friendship," all 
audience pairs everywhere we gave the trials ' exhibited the same 
differentials. Also, for all audiences, if the subject was "Hegel's 
Metaphysics", the differential between good and bad writing tended to 
disappear. Also, so long as we used university audiences* a text on "Grant 
and Lee" gave the same sort of appropriate results as did a text on 
"Friendship". But for one Community college audience (in Richmond, 
Virginia!) "Grant and Lee" turned out to be as unfamiliar as "Hegel's 
Metaphysics" — a complacency-shattering result. 

While the variability of reading skills within the same person was making 
itself disconcertingly known to me, I learned that similar variability vas 
showing up in formal writing skills—and for the same reason.. Researchers 
at the City University of New York, were finding that v^en a topic is unfami- 
liar, writing skill declines in all of its dimensions — including grammar and 
spellingl — not to mention sentence structure, parallelism, unity, focus, and 
other skills taught in writing courses. One part of the explanation for 
such results is that we all have limited attention space, and cannot pay 
much heed to form when we are devoting a lot of our attention to unfamiliar 
content. But another part of the explanation is more interesting. Part of. 
our skill in reading and in writing is skill not just with linguistic struc- 
tures but with words. Words are not purely formal counters of language; 
they represent large underlying domains of content. Part of language skill 
is content-skill. As Apeneck Sweeney profoundly observed: "I gotta use 
words v^en I talk to you." 

When I therefore assert that reading and writing skills* are content-bound, I 
mean also, to make the corollary assertion that important aspects of reading 
and writing skills are not transferable. The content-indifferent, how-to 
approach to literacy skills is enormously oversimplified. As my final exam- 
ple of this, I shall mention an ingenious experiment conducted by Richard C. 
Anderson and his colleagues at the University of Illinois. It too was an 
experiment with paired audiences and paired texts. The texts were two 
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letters, each describing a wedding/ each of similar length, word-familiar- 
ity, sentence complexity, and number of idea units.. Each audience group was 
similarly paired according to age, educational level, marital status, sex, 
professional specialty, etc. Structurally speaking, the texts were similar 
and the audiences were similar. The crucial variables were these:- one 
letter described a wedding in Aifierica, the other a wedding in India. One 
audience was American, the other Indian. Both audiences read both letters. 
The results were that the reading skills of the two groups—their speed and 
accuracy of comprehension— were very different in reading the two linguisti- 
cally similar letters. The Americans read about an American wedding skill- 
fully, accurately and with good recall. They c^id poorly with the letter 
about the Indian wedding. The reverse was the case with the group of Indian 
readers. Anderson and his colleagues concluded that reading is not just a 
linguistic skill, but involves translinguistilc knowledge beyond the 
abstract sense of words. They suggested that reading involves both "lingu- 
istic-schemata" (systems of expectation) and "contknt-schemata" as well. In . 
short, .the assumptions of educational formalism ar4 incorrect. 

iv. The Concept of Cultural Literacy \ 

\ 

Every writer is aware that the subtlety and complexity of what can be con- 
veyed in writing depends on the amount of relevant ^tacit knowledge that can 
be assumed by readers. As psycholinguists have shoWn, the explicitly stated 
words on the page often represent the smaller part? of the literary trans- 
action. Some of this assumed knowledge involves such matters as generic 
conventions, i.e., what to expect in a business lettjier, a technical report, 
a detective story, etc. An equally significant part of. the assumed know- 
ledge—often a more significant part—concerns tacit 1 knowledge of the exper- 
iential realities embraced by the discourse. Not |only have I gotta use 
words to talk to you, I gotta assume you know something about what I am 
saying. If l'^ had to start from scratch, I couldn't start at all. 
! ■ W 



We adjust for this in the most casual talk. It h^s been shown that ws 
always explain ourselves more fully to strangers than to intimates. But, 
when the strangers being addressed are some unknown cbllectively to whom we 
are writing, how much shall we then need to explain?. This was one of the 
most difficult authorial problems that arose with the advent of printing and 
mass literacy. Later on, in the eighteenth century. Dr. Johnson confidently 
assumed he could predict the knowledge possessed by; a personage whom he 
called "the common , reader . " Some such construct is a [necessary fiction for 
every writer in every literate culture and sub-culture. Even a writer for 
an astrophysics journal must assume a "common reader", for the sub-culture 
being addressed. A newspaper writer must also assume a "common, reader" but 
for a much bigger part of the culture, perhaps for the literate culture as a 
whole. In our own culture, Jefferson wanted txj create a highly informed 
"common reader," and he must have assumed the real existence of such a per- 
sonage when he said he would prefer newspapers . without government to govern- 
ment without newspapers. But, without appropriate, iacitly shared back- 
ground knowledge, people cannot understand newspapers. A certain extent of 
shared, canonical knowledge ds inherently necessary to literate democracy. 
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For this canonical information I have proposed the term "cultural literacy." 
It IS the trans Unguis tic knowledge on which linguistic literacy depends 
YOU cannot have the one without the other. Teachers of foreign languages 
are aware of this interdependency between linguistic proficiency and 
translinguistic, cultural knowledge. To get very far in reading or writing 
French, a student must come to know facets of French culture quite different 
from his own. By the same token, American children learning to read and 
write English get instruction in aspects of their own national culture that 
are as foreign to them as French. 

National culture always has this "foreignness" with respect to family cul- 
ture alone. School materials contain unfamiliar materials that promote the 
acculturation" which is a universal part of growing up in any tribe or 
nation. Acculturation into a national literate culture might be defined as 
learning v;hat the "common reader"^ of a newspaper in a literate culture could 
be expected to know. That would include knowledge of certain values 
(Whether or not one accepted them), and knowledge of such things as (for 
example) the Fi '3t Amendment, Grant and Lee, and dnA. m our c'.m culture 
what should chei^e contents be? Surely our answer to that should partly 
detine our scnool curriculum. Acculturation into a literate culture (the 
minimal aim of schooling— we should aim still • higher ) could be defined as 
the gaining of cultural literacy. 

Such canonical knowledge could not be fixed once and for all. "Grant and 
Lee" could not have been part of it in 1840, nor "DNA" in 1940. The canon 
changeth. And in our media-paced era, it might change from month to month— 
taster^ at the edges, more slowly at the center, and some of its contents 
would be connected to events beyond our control. But much of it is within 
our control, and is part of our traditional task of culture-making. One 
reassuring feature of our responsibilities as makers of culture is the 
implicit fand automatic character of most canonical cultural knowledge; we 
get It through the pores. Another reassuring aspect is its vagueness. How 
much do I really have to know about DNA in order to comprehend a newspaper 
text directed to the common reader? Not much. Such vagueness in our back- 
ground knowledge is a feature of cultural literacy that Hilary Putnam has 
analyzed brilliantly as "the division of linguistic labor." An immensely 
literate person, Putnam claims that he does not know the difference between 
a beech tree and an elm. Still, vrfien . reading those words he gets along 
acceptably well because he knows that under the division of linguistic labor 
somebody in the culture could supply more precise knowledge if it should be 
needed. Putnam's observation suggests that the school curriculum can be 
vague enough to leave plenty, of room for local choice regarding what things 
shall be studied in detail, and what things shall be touched on just far 
enough to get us by. This vagueness in cultural literacy permits a reason- 
able compromise between lock-step, Napoleonic prescription of texts on the 
one side, and extreme laissez-faire pluralism on the other. Between these 
two extremes we have a national responsibility to take stock of the" contents 
of schooling. 



V. Cultural Literacy and Politics 
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Althoucih I hewo arguod that 1:1 tern to «ocioty dopondB utwn jiharod int:onna- 
tlon, I have said little about whe)t that infonuntioa nhould bo. That is 
chiefly a political quofltion, Estimablo cultinroa exint that aro icjnoraat ol: 
Shokosr>oaro and the First AmGndinont. Tndood, orttimablo culturon oxiBt that' 
aro ontiroly ignorant of reading and writing. Oiv. the otlmr Imnd, no culture 
oxiatM that is ignorant of it« own traditiomi. In a litorato nocioty, cul- 
turo and cultural literacy aro nearly nyuonynKHUJ terms. American cuituri!, 
always large and hotorogonooun, and incrtjaningly lacking a common accultur-- 
ativo curriculum, is perhaps getting fragme-iUted (snougli to lose itn coheronco 
a« a culture. Television is ixjrhapa our only national curriculum, dospito 
the 1uHtit:iod complaints against it as a [xxrtial cause of the literacy 
declino. My huncJi is that this complaint is overstated. The docllne in 
literacy skills, T have suggested, in mainly a result of cultural l:ragmenta- 
tlon. Within black culture, for instance, blacks are more literate than 
whites, a point that was demonstrated by Robert a1 Williams, as I learned 
Irrom rt. recent article on the SAT by Jay Amberg. (American Scliolar, Autumn 
1902.) The big political question that has to bo decided first of all . is 
whether we want a broadly literate culture wliicli unites our cultural frag- 
ments eno\igh to allow us to write to ono anotlu^r, and read what our fellow 
citizens have written. Our traditional, jef:feryonian answer has been /'yes." 
nut even if that [x>litical decision remains the dominant one, as 1 very much 
hope, wt) still face t.l^e mucJv more difficult |x:)lltical decision of choosing 
the contents of cultural literacy. • / 

The answer to tliis que^ition is not going to be supplied by tlieoretical i^yoc- 
ulation and e<^ucational research. It will be worked out, il: at all, by 
discussion, argument, and compromise. professional educators have under- 
standably avoided this i?oli tical arena, indeed, educators should not bo the 
chief deciders of so momentous an issue aw the canonical contents of our 
culture. Within a democracy, educational technicians do not want and sliould 
not be awarded the function that Plato reserved for PJxilosopher Kings. But 
who is making such decisions at a national level? .Nobody, I fear, because 
we are transfixed by the twin doctrines of plitralism and formalism. 

Having made this technical . point where I have some expertise, I must r 
leave any pretense. of authority, ■ c^xcept as a parent and citi/.en. Tho. ques- 
tion of guidance for our national school curriculum is a |X)litical question 
on which I have only a citizen's opinion/ Por my own part, T wish wo could 
have a National Hoard of, Educa tion . on the i^attern of the Now york State 
Board of Rogents-«-our most successful and admirable body for educational 
Inadorship. This imposing body of practical idealists is insulated by law 
from short-term domogogic pressures. it is a pluralistic group, too, wi tJi 

_. . ..j^.. J 4k... \ m«4n»-< f-t/ niilhiirnn. Its influence for 

wi th 

in California, two otherwise comparable states. To give just one 



roproaontntlon for minority ao well tx» majority culturoa.. I ta inCluonco 
cjood may bo gauged by comparing the pivttorns oC SAT scorou in New York 
thoHQ in Calieornia, two othorwiHo comparable atntoH. To (jivo juut ....v- 
oKcimplo oe the Regonta' leadership in the field of writing, they have inati- 
tutod a roquiromdnt that no Now Yorker can receive a high ncliool dip.lana 
before rxnssing a statewide writing teat-, tlrnt requires three tyfjow pr>^ao 



composition. 



Of courao I am aware tliat tlio Now York Regents have poworfi that no Nifeional 
Hoard in this country could posalbly gain. nut what a National noard could 
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hope to achieve would be the respect of the country, a respect that could 
give It genuine influence over our schools. Such influence, based on 
leadership rather than compulsion, would be quite consistent -with our 
federalist and pluralist principles. The Board, for instance, could present 
broad lists of suggested literary wjrks for the different' grades, n sts 
broad enough to yield local freedom, but also yield a measure of commonaiity 
in our literary heritage. The teachers whom I know, while valuing their 
independence, are eager for intelligent guidance in such matters. 

But I doubt that such a curriculum Board would ever be established in this 
country.- So strong is our suspicion of anything like a central "ministry of 
culture' that the Board is probably not a politically feasible idea. But 
perhaps a consortium of universities, or of national associations, or of 
foundations could make ongoing recommendations that arise >from broadly based 
discussions of the national curriculum. ' " 

In any case, we need leadership at the national level, and we need specific 
guidance. ^ . i«=<-ij.it. 

It would be useful, for instance, to have guidance about. the words that hiah 
school graduates ought to know-a lexicon that would include~^^3r~ju8t ordi- 
nary dictionary words, but would also include proper names, important' 
phrases, and conventions. Nobody likes word lists as objects of instruc- 
tion; for one thing, they don't work. But I am not thinking of such a lexi- 
con , as an object of instruction. I am thinking of it rather as A guide to 
objects of instruction. Take the phrase "First Amendment," for instance. 
That IS a lexical item that can hardly be used without bringing in a lot of 
associated information. Just what are the words and phrases that our school 
ct?^ should know? Right now, "this seems- to be decided by the makers of 
the SAT, which IS, as I have mentioned, chiefly a vocabulary test. The 
educational technicians who choose the, words that appear on the SAT are ' 
already the implicit makers of our- national curriculum. Is then the Educa- 
tional Testing Service our hidden National Board of Education? Does it 
sponsor our hidden national = curriculum? if so, the ETS is rather to be 
praised than blamed. For, if we wish to raise our national level of liter- 
acy, a hidden national curriculum is far better than no curriculuro-^^ ali-r 

HOW can- computers help in raising our national level of literacy? I have 
suggested that they will help very little if they are used merely as skill- 
enhancing devices.' But they could help a lot" if they are used as knowledqe- 
enhancing devices as well.. They could, for instance, give teachers quick 
access _ to first-rate course materials on canonical subjects. They could 
bring into being George Miller's wonderful idea, of an- automated dictionary 
This could do more than- just show an aardvark eating termites' and doing 
other things that aardvarks do. Suppose a student, asked his computer to 
define "The First Amendment" (which, by the «ay, is not so listed in either 
The Columbia Encyclopedia or The American Heritage Diction ary^ . He miqht 
get a twenty-word definition, and a quotation of a typical use. ".'he machine 
might then ask "BRANCH DEEPER?" and if the student said "Yes," he then miqht 
get a brief history of the Bill of Rights," along with a select, up-to-date, 
bibliography. In a Utopian world to which we surely could arrive the 
machine might offer to branch still deeper. But before that day arrived we 
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would want to be sure that at least the key canonical words/ .phrases, and 
proper names had been put effectively into the data bank, at a depth of two 
branchings • What a> tremendous labpr that would be! But what potential 
benefits it could bring to our system of education! 

Where does this leave us? What issues, are raised? If I am right in my 
interpretation ,.of the evidence (a"nd I have seen no alternative 
interpretation in the literature) then we can only raise our reading and 
writing skills significantly by consciously defining and extending our 
cultural literacy. And yet our current national effort in the schools is 
largely premised on a culturally neutral, skills-approach to reading and 
writing. Should we insert terms like ."Grant and Lee," "DNA," "The First 
Amendment" into the SAT test? Should we* re-examine the whole humanistic 
side of our educational enterprise in the schools? Do we really want a 
twentieth-century literate democracy that corresponds to an eighteenth-cen- 
■ tury Jeffersoniari vision? The reader will forgive me if I get scared in 
contemplating the number and power of those educators whose assumptions I 
may have subverted, and if I feel like Dr. Johnson after he had challenged 
the traditional unities of the drama: 

I am almost frightened at my own temerity; and v^en I estimate the fame 
and the « strength of those that maintain the contrary opinion, am ready 
to sink down in reverential silence; as Aeneas withdrew from the 
defense of Troy, v^en he saw Neptune shaking the wall, and Juno heading 
the besiegers. 
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Exploiting Present Opportunities of Computers 
in Science and Mathematics Education 



Report of the Panel on Science and Mathematics Education 

Frederick Reif, Chair* ^ 

Educational Needs of Today's Technological Society 

The functioning of our society — our daily lives, our jobs, our national 
economy and security — . all depend increasingly on scientific and . technolo- 
gical knowledge. Furthermore, many new information technologies (computersv 
various video technologies, sophisticated communication technologies,,,.) 
are increasingly permeating our society and transforming our lives. Indeed, 
we.are witnessing- the ^beginnings of a second industrial revcxution which is 
proliferating machines that process information — in the same way as the 
first 'industr^ial revolution proliferated machines doing mechanical work. 
The implicatidns are likely to be as far-reaching. 

Serious attention must, therefore, be . given to the following question: How 
can our educati^onal system cope successfqlly with our increasingly scienti- 
fic and technolpgical sdciety? 

Needs and Challenges 

There are obvious, but urgent, needs to prepare all people to function ade- 
quately in the technological society in which they will have- to . Uve and 
work, A sufficient number of such people must be highly . educated to become, 
the scientists or engineers who can advance knowledge and proyide -the inno- 
vations required by our industries, A much larger number must be' educated 
to cons*---ict, service, and use the technological devices . pervading our 
society* %nd all must be educated to achieve at least a minimal level of 
"scientific and technological literacy" , . i,.e , , the knowledge needed to deal 
adequately .with the manifestations of science or; technology in daily life 
and, as citizens, to make adequately intelligent decisions about important 
human affairs affected by scientific or technological considerations.. 

Meeting these needs is particularly difficult because scientific and techno- 
logical advances have markedly changed the nature of knowledge in our time, 
(a) This knowledge is becoming so extensive and super-abundant that one may 
rightfully talk about a "knowledge explosion", (b) ; The knowledge is very 
rapidly changing. Thus there are today many fields where people may become 
obsolete in a few years unless they keep on learning new information and 
skills, (c) The knowledge is increasingly abstract and highly symbolic, 
^For example, the machines . of a few decades ago (e.g., /engines or automo- 
biles) had levers and gears which could readily be seen and touched; but the 
information machines of today (e,g,; computers or television) function 
because of invisible electrons, electro-magnetic fields, or other abstract 
concepts. 



Mr, Reif is a member of the Department of Physics and Group in Science 
and Mathematics Education, University of California, Berkeley, California, 
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In former times most people could cope with . available knowledge by remem- 
bering useful factual information and applying it in fairly standard ways. 
But this is no longer sufficient today when knowledge is so abundant, rapid- 
ly changing, and abstract. Coping successfully with such knowledge requires 
judicious decision-making to select pertinent information from vast amounts 
of knowledge, skills of abstract reasoning, problem-solving skills for deal- 
ing flexibly with diverse or new situatidns, and skills' of independent 
learning needed to acquire and apply "new knowledge. These are all highly 
sophisticated intellectual skills, much more demanding than the remembering 
of factual information. Teaching such intellectual skills effectively is a 
major educational challenge and one difficult to achieve. Yet it is a 
challenge which must be addressed if people are to be prepared to function 
adequately in our technological society. 

Major dangers loom ahead if these educational needs and - challenges are not 
adequately met. Individual persons, \inable to cof>e effectively with a 
scientific and technological society, are in increasing danger of becoming 
obsolete, unemployable, and -marginal in the society. Furthermore, if our 
nation is unable to cope effectively, it is in danger of becoming economi- 
cally less viable and productive, losing out to foreign competition, jeopar- 
dizing its security, and imperiling a democratic system dependent upon a 
well-educated population. 

Existing Educational Dif f j-Ciilties 

The preceding educational needs and challenges contrast sharply with exist- 
ing actualities, in many ways current educational systems arid practices are 
deficient in' meeting our society's needs in an increasingly ^technological 
world. 

Indeed., .tliere is ar growing awareness of present educational inadequacies,. 
For example, a recent report ^prepared by a special commission of the 
National Science Board (the policy-making body of the National Science Foun- 
dation) asserts that "We appear to be raising a generation of Americans, 
many of v^om lack the understanding and the skills to particioate fully in 
the technological wrld in which they live and work.... The current and in- 
creasing shortage of citizens adequately prepared by their education to take 
on the tasks needed for the development of our economy, our culture, and our 
security is rightly called a crisis by leaders in academe, business, and 
governme'nt,"^^ Even the popular press has displayed increasing concern 
about current deficiencies in science and mathematics education. For 
example, a, recent issue of TIME Magazine states that "the U,S, is rapidly 
becoming a high-tech society with low-tech education, "^ 

The difficulties extend considerably beyond students' inadequate exposure to 
scientific or mathematical Subject matter, . 

(1) The knowledge and skills taught in schools of ten -do not adequately re- 
flect . changing circumstances and correspondingly changing student needs. 
Furthermore, most attention is focused on conveying factual information, but 
few systematic attempts are made to teach centrally important intellectual 
skills such as reasoning, problem solving, or independent learning. 
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(2) Current teaching is often fairly ineffective and inefficient. For in- 
stance, studies have shown that, even after nominally good performance in 
science courses, students may emerge with rather superficial understanding. 
For example, such students often display gross misconceptions of scientific 
concepts and may be quite lanable to apply their Jcnowledge in real situa- 
tions. 

(3) Current teaching methods are largely be sed on intuitive notions and 
rules of " thumb, ^ rather than on systematic design exploiting reliable theo- 
retical principles. In short, even \^en scientific topics are being taught, 
the teaching methods used are quite unscientific (strikingly different from 
the systematic and principled methods used to approach scientific or engi- 
neering tasks). 

(4) There is a marked shortage of educational; resources.. In particular, 
there is an increasing shortage of adequately qualified science and mathema- 
tics teachers in primary and secondary i schools . Furthermore , many of these 
teachers are over-worked, are burdened with time-consuming administrative 
tasks , and have neither sufficient time nor opportunities to upgrade their 
knowledge or improve their productivity. 

(5) Access to adequate educational opportunities is difficult for some stu- 
dents because of their geographical location (e.g., in rural districts), in- 
dividual handicaps, or other special personal circumstances. 

Present Educational Opportunities 
Educational Potentialities of Recent Technological and Scientific Advances 

Although the growth of science and technology is at the root of many of our 
educational problems, recent advances in some technologies ahd scientific 
disciplines offer promising opportunities for solving some of these pro- 
blems. ' - 

Recent years have witnessed impressive advances in computers and other in- 
formation technologies (such as video-recorders, video discs, and new commu- 
nication technologies). These technologies have become enormously "more 
powerful, cheaper, and more widespread throughout our society. in particu- 
lar, as a result of impressive advances in VLSI ( very- large-scale integra- 
ted) electronics, the last few years have seen the development of micro- 
computers and their rapid spread, into homes, businesses,' and schools. - It is 
almost certain. that these developments will continue. Thus one can expect 
that, within the next few years, powerful microcomputers, having capabili- 
ties similar to those of large-scale computers now available only in univer- 
sities and majo:; businesses, will become available and cheap enough to be 
owned by individuals and schools.^ Such inicrocomputers will also 
increasingly be used in conjunction with other information technologies 
(e.g., with' communication technologies to interconnect microcomputers, and 
with video-discs to store visual or other information). 

Recent years have also witnessed impressive advances in '^^the psychology of 
human information processing, artificial intelligence (the science of 
designing computers capable of performing tasks ' exhibiting human-like 
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Computers provide powerful intellectual tools for calculating, for the word 
processing involved in writing, for designing . technological artifacts or 
artistic creations^ etc. These potentialities can be exploited to shift 
educational emphasis from the teaching of routine skills to the teaching of 
more sophisticated thinking skills of the kind increasingly important in our 
technological society • 

Computers can be used to design special "learning environments" which can 
significantly foster student learning even in the absence of any formal in- 
struction. In such environments students may perform simulated experiments 
inexpensively and without danger to themselves, they can explore indepen- 
dently' to discover important new ideas, and they can "learn by doing" in 
contexts carefully adapted to their current capabilities. 

Computers can be used to act as private non-human tutors^ available to any 
student at any time or place of his or her choice. They can be flexibly 
adapted to the student's individual capabilities and rate of learning. They 
have "personality characteristics" facilitating learning, e.g., they can be 
very patient and engagingly motivating, without being intimidating or embar- 
rassing. Most important, they can be superb teachers (sometimes superior to 
human teachers) if the teaching programs incorporated in the computers have 
originally been designed by the best available talent investing extensive 
time and effort in the preparation of the teaching programs. Finally, by 
incorporating recent techniques of artificial intelligence, computers can 
increasingly act as non-human tutors with genuine subject-matter expertise 
and human-like intelligence. 

Computers can potentially be used to provide detailed diagnostic information 
about an individual student's currently existing know lege, thinking skills, 
and learning capabilties. Such diagnostic information can greatly help 
teachers and stiidents to devise appropriate activities for teaching or 
learning. 

Finally, computers, used in conjunction with modern, communication technolo-^ 
gies, can be connected together into networks wliereby individuals may read- 
ily communicate and interact with each other. Thus it is possible to create 
intellectual communities transcending * the limits imposed by spatial proximi- 
ty. For instance, students \^o are in some ways special (because of special 
interests, special giftedness, or special handicaps) could interact closely 

with similar students in remote schools or homes and might thus overcome 

the sense of isolation felt by them because of their special , status in their 
own school. - ■ 

When all the preceding capabilities of. computers are used in combination, 
they offer the promise of outstanding educational effectiveness. (Some of 
these capabilities will be discusse^d in greater detail in a later section 
dealing with prototype developmentc) 

Powerful means of educational distribution . Computers can be very effective 
agents for distributing good education on a large scale. 

Educational programs and methods incorporated in computers can penetrate al- 
.most everywhere, especially, as computers become increasingly widespread 
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intelligence), linguistics, and related fields. Very recently these 
sciences have coalesced into a new interdisciplinary field of "cognitive 
science- dedicated to the detailed study of the thought processes of humans 
or computers. Cognitive science is investigating complex thought processes 
.more systematically than traditional psychology, i^ providing powerful new 
modes of analysis and experimental methods,, has le'd to valuable theoretical 
insights, and has attracted some good talent to work in this field. 

These technological advances in computers and' other information technolo- 
gies, ^^ombin^d with new insights from cognitive science, presently offer 
some_^^ unique opportunities with far-reaching ^racticai implications. in par- 
ticular, there exisc prospects of developing an applied science of human 
thought processes, or "human knowledge efigineering", capable of improving 
human thought processes and designing mbre effective ways of using know- 
ledge. (For example, such knowledge/ engineering is ■ being successfully 
applied to tackle the formidable intellectual problems encountered in the 
design of complex very- large-scale-integrated electronics .4) Correspond- 
ingly, there also exist promising/ opportunties of more scientific ahd 
technological approaches to education, particularly in science or 
mathematics where complex symbolic thought processes are of utmost 
importance. 

Such innovative approaches to education, exploiting new information 
technologies and building upon new insights about human thought processes, 
could potentially go a long way toward making education more effective and 
meeting the educational needs discussed in the preceding section. indeed 
these «aucational needs are too severe to be met by traditional approaches 
wtiich focused predominantly on curricular innovation and teacher trainina 
But more scientific and technological approaches to education offer the how 
of teaching sufficiently many students the sophisticated intellectual skills 
required to cope with our technological society. 

The next few ' sections outline more specifically some of the promising 
educational opportunities offered by computers and other information 
technologies, by the scientific analysis of human thought processes, and by 
correspondingly new approaches to 'educational delivery. 

Potentialities of Computers and other Information Technolgies 

The following are some of the major educational opportunities made possible 
by the judicious exploitation of presently available computers, used alone 
or m conjunction with other new information technologies. 

Versatile media of i nstruction . computers provide instructional media po- 
tentially more flexible and effective than books, movies, audio or video 
tapes, or other media. ih particular, they can be used interactively, pre- 
senting information as well as reacting appropriately to questions posed by 
students. They can involve students very actively in their own learning. 
They can also be readily adapted to the differing needs of individual stu- 
dents • 



powerful teaching cap abilities . Computers have some unique teaching capabi- 
lities that can be practically exploited to achieve great educational effec- 
tiveness • 
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throughout our society* Such educational programs may be used effectively 
not only in schools, but also in less formal environments such as homes, 
offices, museums, community centers, etc. They . can greatly help and 
supplement human teachers, but may be quite effective even in the absence of 
such teachers. 

Computers can potentially make excellent instruction available to all 
students. This can be achieved if^ the teaching programs incorporated in the 
computers are designed by first-rate talent devoting extensive time and 
effort to the preparation and testing of such programs. As a result of such 
large initial investments in program preparation, the quality of teaching 
available to the majority of students can become appreciably better than 
that currently available through teachers \^o often lack adequate time or 
superior expertise. 

Finally, instruction prepared for delivery by computers can be repeatedly 
used, readily modified, and cumulatively improved' to remedy observed 
deficiencies or to reflect changing circumstances. 

Promotion of greater scientific literacy . . The increasingly widespread 
availability of computers is likely to foster greater' popular interest in 
the uses of computers-- and thus also to enhance people ' s motivation to 
understand the quantitative and analytical modes of thinking required for 
the effective use of computers. Such motivation can potentially be 
exploited by deliberately designing computers to be readily usable by people 
in all walks of life, to provide such people with appealing opportunities to 
engage in quantitative thinking, and thus to promote greater mathematical 
and scientific literacy., ^ 

Facilitation of teachers' administrative tasks . computers can girieatly 
facilitate many of the burdensome record-keeping and administrative tasks 
carried out by teachers. The valuable time freed in this vay could 
fruitfully be U3ed by teachers for less routine and more productive 
educational activities. . 

Tools for educational research . Computers can be powerful tools for 
research in education. For example, recent years have seen very fruitful 
applications of computers in basic ^ studies of human thought processes 
relevant to education. 

Important cautions * The educational potentialities of ccmputer and other 
infonnation technologies can be realized only if these tecnnologies cure used 
with carefxil educational design based on adequate theoretical vmderstanding* 
As pointed out before, current teaching methods are often fairly primitive, 
unprincipled,"" and ineffective. Hence the mere use of such teaching methods 
%d.th new con^uter technologies can not be expected to lead to substantial 
educational, improvements. 

Real dang^^rs exist if the preceding warning is unheeded. A primary 
preoccupation with technological hardware and gadgetry often leads 
manufacturers and technological enthusiasts to pay unduly small attention to 
the less visible "software" and educational design required for the 
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effective functioning of the technology. Furthermore, flashiness and sheer 
novelty are often prized more/ and likely to lead to quicker commercial 
profits, than genuine educational effectiveness v^ich may be less ° 
immediately apparent. 

Thus it is important to keep in mind that powerful technologies, unwisely' 
used, may not only be ineffective but harmful. For example , inj udicious 
educational uses of computers might merely spread mediocre education on a 
large scale. ' 



Potentialities of the Scientific Analysis of Thou<Tht Processes 

As mentioned previously, recent developments in cognitive science provide' 
modes of analysis, and insights that can be exploited for the principled 
design of instructi9n and the effective educational application of 
computers • 

Understa nding underlying thoucfht processes . Traditional educational efforts 
have focused predominant attention on overtly observable behavior and 
products, e.gc, on exhibited knowledge or on problem solutions. By 
contrast, recent work on cognitive science has indicated the fruitfulness of 
studying the underlying thought processes leading to such observable 
behavior or products, e.g., the thought processes leading to the flexible 
U£5e of knowledge or the underlying thought processes needed . for solving 
problems, . 

To gain adequate theoretical insights, underlying thought processes must- be 
studied in sufficient detail to explain how the resulting intellectual 
performance is achieved. For. example, in trying to understand the 
underlying thought processes involves^ in problem solving, ' one must specify 
in detail how to describe situations, how to choose useful symbolic 
representations, how .to make -^judicious decisions to find a possible path 
toward a solution, how to organize relevant knowledge to facilitate the 
retrieval of appropriate information, and so forth. The validity of 
theoretical ideas derived from such analyses needs then to be tested by 
detailed observations of the thought processes of individual persons. 

The elucidation of underlying thought processes is a challenging task. For 
example, experts in a field are often now consciously aware of the thought 
processes and kinds of knowledge used by them (no more than most speakers 
of a native language are aware of the underlying rules for forming correctly 
structured sentences). indeed, a major reason why students have learning 
difficulties is that teachers do not teach explicitly many important thought 
processes and kinds of knowledge--because they themselves are not 
consciously aware of them. ' 

Workers 'in. artificial intelligence, who have tried to program computers to 
perform intellectual tasks exhibiting human- like intelligence, need to be 
very explicit in designing such programs, and have thus, become acutely aware 
of how difficult it is' to elucidate underlying thought processes ordinarily 
outside the range of conscious human awareness. This is why recent work in 
artijficial intelligence is relevant to psychological studies of human 




ERIC 



thought processes and to educational concerns for teachihg complex intellec- 
tual skills, ' \ ' / , 

Practical educational applications . An improved understanding of underlying 
thought processes offers promising opportunities for improving educational 
effectiveness. Indeed, without an adequate understanding of this kind, it is 
difficult to develop reliable approaches for teaching the complex intellec- 
tual skills required in mathematical or scientif icefields . 

As pointed out before, the scientific analysis of thought processes is 
beginning to be successfully applied in other fields, such as the design of 
complex electronic circuits^. There exist similar opportunities of 
applying such analyses to educational applications, thus achieving more 
principled and effective approaches to education. In particular, theoreti- 
cal insights about underlying thought processes could then be deliberately 
exploited' for the' systematic design of ' good instruction and for 
well-conceived educational applications of computers. 

Possibilities of New Approaches to Educational Deliver y 

New technological and scientific approaches to education, like those des- 
cribed in the last couple of sections, allow educational tasks to be 
approached in distinctly new ways, with potentially major social benefits, 
conversely, the effective exploitation of tl".^ potentialities, of computers 
and other new information technologies may require some distinctly new ways 
of approaching educational tasks. 

o ptimized combinations of instructional mean s. Traditionally most educa- 
tional tasks have been im^plemented predoj-^: ...ntly by human teachers in 
face-to-face contact with students, even vb.sa the teachf.-S faced students in 
large classes and had little time to give them individual attention. But 
modern information technologies perait educational tavhs to be approached 
from a moVe efficacious point of view. After all, effective education can 
today be provided not only by human teachers, but also by books, movies, au- 
dio and video technologies, and computers acting as private non-human tutors 
in other capacities. Each ^zhese instructional means, including the human 
teacher, has some unique strengths and some appreciable limitations. Better 
educational ef fectivene^.i can therefore be realized by careful design which 
uses an optimum combination of such instructional means to attain desired 
edvcational goals. 

in particular, such instructional design would judiciously aim to .exploit 
the unique capabilities for each instructional means and try to minimize its 
limitations. Haman teachers would then be used to, maximum advantage in 
those situations where their unique capabilities are most valuable. But 
their potentialities Would not be wasted on other tasks better performed by 
other media, nor would human teachers always necessarily play a central role 
in every educational task. Furthermore, education would then become ^ess 
synonymous with schooling, with more education-effectively provided in homes 
and other informal settings. 
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Exploxtation of signif ica n t initial investments . our present educational 
system still operates largely like a cottage industry, i.e., it is highly 
labor-intensive and uses many small-scale repetitive efforts. But computers 
and other new information technologies now make it realistically possible to 
implement alternative educational approaches which, like modern industry 
involve the effective exploitation of large initial investments. In parti-1 
, cxilar, large initial investments of talent, effort, and time could be made 
to produce high-quality educational programs ^which would then be incorpora- 
ted in computers and other information technologies. These initial invest- 
ments would then be amortized by repetitive and widespread use of these pro- 
grams by many students. . 

The advantages resulting from such large initial investments would be simi- 
lar to those achieved in modern industries . where large initial capital 
investments are, of course, the rule. (a) Economies of scale might reduce 
the educational costs per student. (b) Better education could be made 
available to larger numbers of students, including those in remote locations 
and thpse with special problems. (c) Some important educational 
undertakings, of a kind and quality presently not attainable, might 
successfully be undertaken. The reason is that it would then be possible to 
invest first-rate talent in systematic development efforts extending over 
prolonged periods of time, with attendant opportunities for cumulative 
improvements. (Analogous comments can be made about modern industry which 
has been able to generate' sophisticated products which could not possibly 

Jnl^- ^Tnvff """t^ ^ ^"'^'^^^^ industry. For , example, only enormous 

initial investments in first-rate talent, in research and development and 
in extensive production facilities allowed modern industry to produce the 
marvelous electronic calculators which are today so cheaply available to 
everyone.) , 

continuing education. our present educational system makes provisions for 
people's education until adulthood, but views their education as completed 
after that initial time.. However, it is becoming increasingly necessary to. 
provide continuing education throughout persons' entire lives so that 
teachers, engineers, doctors, and most other people can cope adequately with 
rapidly changing knowledge and thus maintain their professional competence - 
computers and other modern information technologies can significantly help 
by making good continuing education readily available to working adults in 
their own homes or workplaces. 



Research Needed to Realize the Opportunities 

The preceding educational opportunities,, made possible by recent advances in 
computers and cognitive science, are both promising and attainable. How- 
ever, the effective realization of these opportunities is far from simple or 
automatic. In particular, it requires improved knowledge and understanding 
about some important issues, i.e., it requires appropriate research. 

indeed, the successful utilization of educational technologies will probably 
require scientific approaches similar to those which have proved so very 
successful in exploiting technologies in most other fields. m all such 
cases systematic approaches, based on adequate theoretical understanding 
have ultimately proved far more successful and cost-effective than haphazard 
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efforts, have ensured cumulative progress cind improvements, and have led to 
impressive practical applications. It would be very surprising if educa- 
tipnal technologies were different in these respects. 

Appropriate research^ undertaken to exploit the educational applications of 
computers, can also help to guard against some potential "dangers. In 
particular, it can help to avoid the discrediting of promising^ ideas by poor 
implementations, the wasting of money and' other valuable ^ resources in 
projects with poor pay-offs, or the use of new educational technologies in 
potentially harmful ways. li . 

Two kinds of research seem predominately needed at the present time. One. of 
these is basic research undertaken to obtain improved knowledge and mder- 
standing of some fundamental issues important for the effective, educational 
utilization of computers. The other is applied research involving the 
development of good prototypes exemplifying, on a rela^iv^' \ small ::ale - 
particular educational applications of computers and of asfe. ciatied if. .,truc- 
tional methods. (Such prototypes can provide very valuable information use- 
ful for subsequent larger-scale applications.) \ 

The distinction between basic research and more applied prototype research' 
is not very sharp. Furthermore, these two types of research can -fruitfully 
interact with each other.* Thus basic research may often suggest theoretical 
ideas or methods which can best be tested in some prototype situations. 
Conversely, prototype research may often lead to questions or <3ifif iculties 
suggesting interesting basic investigations. i 

. ■ . ■ ' . \ - . 

The important areas of needed research are those which would contribute sub- 
stantially to the realization of the educational opportunities discussed in' 
the preceding sections. At the 1982 Pittsburgh Conference on Research in 
Computers in Education, i and the other members of the Science and Ma1:he- 
matics Group of that Conference tried to identify some particular lines of 
research v^ich'seem most needed and promising at the present time. Our con- 
clusions and recommendations are summarized in the next several sections. 
Needless to say, our • suggestions represent merely our own judgment sind are 
not meant to be exhaustive. Other lines of > research might thus also be 
worthy of pursuit if they can be shown to be needed and likely to be fruit- 
-'ful. "'^ 

The next section outlines some suggested lines of basic research and the 
subsequent section some suggested lines of prototype research. Finally, the 
last section recommends some ways for fostering the effective implementation 
of these kinds of research. \ 



Basic Research 

The basic research needed for effective educational applications ' of compu- 
ters involves research dealing with cognitive issues (i.e., with thought and 
learning processes) as well as research dealing with some pertinent social 
issues. 
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Research on Cognitive Issues 



Research on cognitive issues should build upon the methods of analysis and 
the insights derived from recent work in cognitive science (e.g., the 
psychology of human information processing and artificial intelligence). 
The ultimate aim of this . research is to . obtain a sufficiently detailed 
knowledge and understanding of complex human thought processes (of the kind' 
encountered in scientific and technological fields) to provide a sound 
theoretical basis for designing effective instruction provided by means of 
computers, other new information technologies, or human teachers. 

Thought and learning processes , it is clearly important to obtain a better 
understanding of the underlying thought processes needed to use scientific 
concepts or to solve scientific problems ( especially since a major aim of 
education in mathematics, science, or engineering is to teach students 
conceptual and problem-solving skills in these fields) , 

One line of pertinent investigation, concerns the thought processes and 
conceptual structures of novice students. Recent studies have revealed that 
students approach learning tasks with many prior conceptions, acquired in 
daily life, which are often remarkably resistant to change and present major 
obstacles to the learning of new scientific concepts. Most of these studies 
have been descriptive, reporting rich observations of the pre-scientif ic 
misconceptions exhibited by students. It would be useful if future studies' 
were somewhat more theoretical and analytic, aiming to understand v^y 
students ' conceptions are so resistant to change, how conceptual structures 
can be effectively modified, or how to predict common conceptual 
difficulties exhibited by students. 

Another line of useful investigation concerns the underlying thought 
processes and>^, forms of knowledge responsible for the good performance of 
experts in mathematical or scientific- fields. As pointed out previously, 
much of this expert knowledge is "tacit"., i.e., outside the range of 
conscious awareness of the experts themselves. Studies designed to inake 
this knowledge more explicit are cleanly important since they would lead to 
a better understanding of this knowledge and to more systematic ways of 
teaching such knowledge to students. 

Another line of fruitful investigation, going beyond the study of experts, 
concerns the underlying thought processes and forms of knowledge leading to 
good human intellectual perf ormance-' -without necessarily aiming to simulate 
the behavior of actual experts. Such studies would forgo the assumption 
,that experts always perform optimally, could devise some thought processes 
superior to those _of current experts, and could also design effective 
thought processes deliberately adapted to the limited capabilities of 
students. Such studies, approached from the point of view of "human 
knowledge engineering", could contribute substantially both to education and 
to the design of improved forms of human-computer interaction. 

Until very recently, theories of learning dealt only with rather simple 
learning tasks. It is only now that, building upon newer insights into 
human thought processes, attempts are being made to formulate detailed 
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theoretical models of human learning in more -complex symbolic domains. 
Studies dealing with the formulation and testing of such learning models are 
obviously highly relevant to /instruction, particularly in intellectually de- 
manding fields such as science or mathematics, indeed, studies of this kind 
are crucial to develop theoretically well-grounded approaches to instruc- 
tional design, approaches needed to produce more effective and efficient 
learning (with or without computers), 

k nowledge structure . Recent work in cognitive science indicates that the 
nianner in which knowledge is structured can greatly affect the ease or dif- 
ficulty of using such knowledge for various intellectual tasks. Hence it is 
important to understand more fully how people can organize and symbolically 
represent knowledge so that it is useful for remembering information, re- 
trieving selected information relevant to a particular situation or problem, 
regenerating particular loiowledge that has been forgotten, modifying or 
generalizing existing knowledge, or. performing other intellectual tasks. 

Studies enhancing our general understanding of these issues are also germane 
to more specific investigations concerned with the knowledge structures of 
particular scientific domains. In particular ^ it is becoming increasingly 
important to organize^, scientific knowledge effectively, to identify core 
knowledge v^ich allows one to derive or subsume large amounts of related 
knowledge, and to identify what. kinds of knowledge are most useful for dif- 
ferent tasks or different kinds of ^students. Only in this way is it possi- 
ble to be judiciously selective in what to teach and thus to help students 
to cope with ever-increasing scientific knowledge. Indeed, without adequate 
attention to effective knowledge organization, students will face increasing 
difficulties in attaining even minimal competence in a particular domain, 
and will increasingly be unable to transcend the bounds ^of excessively 
narrow specialization. 

Mental models. "Mental models" are relatively simple conceptual ^ schemes 
used by people to explain or predict observable phenomena encountered by 
them. Although such explanations and predictions may be qualitative or 
scientifically primitive, they can be very useful for dealing with the sur- 
rounding world and with the complex devices (automobiles, computers, ..•) 
pervading our technological society. For example, they allow people to ob- . 
tain a functional understanding of how such devices work and to trouble shoot 
them when they malfunction. 

It would be of interest to study more extensively what particular kinds of 
mental models are most useful for various kinds of tasks and kinds of peo- 
ple. Indeed, different mental models, of various degrees of complexity and 
predictive power, can be formulated to deal with the same phenomenon or 
device. For example, significantly different mental models are useful for 
the designer of a car or computer, for the repairman who needs to maintain 
and service these devices, or the lay person who needs to use these devices 
in daily life. ■ • ,. 

A better understanding of mental models can have substantial educational im- 
portance since it would allow one to teach students relatively simple, but 
powerful, ways of thinking about complex . phenomena or devic^fes. it would 
thus also help in efforts, to increase the scientific or/ technological 
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literacy of students whose primary interests are not' scientific. 

Relevant research in artificial intelligence . Although artificial intelli- 
gence is primarily concerned with cc^nputers, some of the research in that 
field is highly germane to educational applications , (a) Because efforts 
to make computers behave intelligently require a great deal of explicitness 
and precision, they can yield valuahvle insights about human thought 
processes, (b) Work in artificial intelligence can provide very powerful 
tools for educational applications of computers. For example, it promises 
to - lead to computers more readily usable by people without specialized 
training about computers , Hence it could greatly facilitate authoring ' 
educational programs to be implemented by computers. (c) It can help to 
make computers play the role of genuinely intelligent non-human tutors (in 
applications^ which have now come to be called "intelligent computer-aided 
instruction"), (d) It can also help in designing ccxnputers capable of 
diagnosing rapidly and effectively the existing knowledge or learning 
readiness of individual students. 

Meaningful evaluation . Reliable progress in education, and the educational 
applications of computers, requires adequate evaluation of work undertaken 
in this field. The difficulty is that most past efforts at educational 
evaluation have not been adequately useful or cos t-ef £ective because they 
have focused on superficial measures, without elucidating the knowledge most 
important for ensuring further progress, 

■ ■ ' ■ - c!s. 
studies are needed to provide more useful forms of evaluation. In particu- 
lar,, evaluations should be theoretically meaningful , i.e, , they should pro- ' 
vide knowledge which can improve theoretical models of thought processes or 
of instruction, Such improved theoretical' knowledge would then provide a 
reliable basis for improving subsequent educational applications. 

Research on Social Issues 

Some research is needed pn social and psychological factors affecting the 
introduction of new educational technologies and approaches into existing 
(59n1i@Kfeii SUGh Fe§fiiarch should aim to provide insights and predic- 
tive power SUffioient to guide practical implementations. 

Acceptance of educationail innovations , Studies are needed to identify 
factors' that lead people or institutions to resist or accept the introduc- 
tion of new educational approaches or technologies. Such studies, should 
provide improved understanding of the perceptions of teachers, students and 
parents — as well as adequate knowledge about cultural and social factors 
within present-day schools. 

Knowledge of this kind could help to devise improved methods of communica- 
tion and participation for modifying people's existing conceptions and faci- 
litating their acceptance of change. For example, it would be desirable to 
carry out experiments where such methods are used to change the perceptions, 
of parents and teachers about present educational needs or about the merits 
of new reducational technologies. 

Economic aspects, , People are unlikely to acpept new educational approaches 
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and technologies unless they are persuaded that the entailed costs are rea- 
sonable. But meaningful comparisons of costs are subtle, particularly since 
the exploitation of computers in education would entail a shift from small 
recurrent operating costs to larger initial investments. Henca it would be 
desirable to have some good analyses comparing the costs and benefits of the 
newer educational approaches with those of more traditional ones. 



Prototype Research 

The judicious educational application , of computers could be greatly further- 
ed by relatively small-scale projects exemplifying useful applications of 
computers and serving as prototypes for subsequent deployments of education- 
al, technology on a large scale. (a) Such prototype projects can provide 
valuable information and theoretical insights ' if they arer"cafried out care- 
fully and treated like experiments performed under well-controlled condi- 
tions, (b) Different approaches can then be readily explored and modified. 
Furthermore, mistakes can be made on a relatively small scale where they are 
relatively harmless and v^ere they can be more easily diagnosed or remedied, 
(c) A good working prototype can be very effective in persuading people to 
adopt new approaches, often: more effective than many published articles 
without visible implementations. .. 

TO be useful, the .development of prototypes must be undertaken in a "princi- 
pled way", i.e./ the design and impilementation of the pfototyper should be 
guided ,by explicit theoretical ideas about instruction. The 'subsequent 
evaluation of the prototype should then try to elucidate why certain things 
work or do not work — and should thus contribute to the refinement of theo- 
retical ideas useful in the future. 

' ■■• ^' ■ 

Prototype projects must be of high quality. Otherwise they may do more harm 
than good, e.g., they may discredit promising ideas by poor implementations. 
Thus it would be preferable to have a smaller number of ' high-quality proto- 
type projectisV carried out by good talent, than a larger number of projects 
of questionable quality. *v " . 

Although prototype projects may properly want to emphasize particular tech- 
nological or cognitive aspects involved in the educational applications of 
computers, they should pay heed to the psychological and social factors im- 
portant in real contexts. Thus they should pay proper attention to motiva- 
tional factors affecting student learning. They should be aware that learn- 
ing may be affected by collaboration or competition between students. They 
should also attempt to design ed^pcational applications in a fashion that 
would facilitate their ultimate social acceptance, and proper use. 

Computers as Intellectual Tools 

Computers can be powerful intellectual tools and media of expression. With 
the aid of the methods of artificial intelligence, they can^ even be genuine- 
ly intelligent agents serving people in various roles. For example, compu- 
ters .can do arithmetical calculations, can perform symbolic algebraic mani- 
pulations , and cart construct and manipulate graphs. They can be word pro- 
cessors which facili'tate writing, correct spelling errors ^ and make 
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suggestions about improved grammatical constructions. They can act as 
secretaries, bookkeepers, and accountants. They can also be powerful aids 
for designing technological devices or works of art. 

These capabilities of computers may profitably be explored in the following 
kinds of prototype applications, . . * 

Computers as tools for educators . Computers could potentially be used to 
facilitate greatly the administrative and record-keeping tasks of teachers. 
This rather simple application, explored in prototypical situations, might 
well show significant ^increases in the productivity of teachers, their time 
available to students, and their educ^^tional effectiveness. Such results 
would, of course, have obvious practical applications ^ich could be readily 
implemented, - 

A more challenging task for prototype exploration is the development of com- 
puter environments designed to facilitate the authoring of computer-imple- 
mented educational applications . In particular, such computer environments 
should aim, to make authoring possible for people with minimal experiences in 
computer programming. Furthermore, methods of artificial' intelligence might 
be exploited to incorporate within computers appreciable expertise about 
particular isubject-matter domains. The authoring of instructional materials 
in these domains could thereby be appreciably facilitated. 

Computers as tools for students . Computers, available as tools for stu- 
dents, can today help them carry out many relatively simple .tasks which stu- 
dents traditionally spent years learning to do unaided (e.g., making arith- 
metical computations, . manipulating symbolic expressions in algebra, imple- 
menting syntax rules in computer programming,,,,.). Various resulting impli- 
cations may usefully be explored in prototype projects, and associated re- 
search studies. 

Some such projects should explore the extent to which such computer tools, 
available to students, can provide increased time and opportunities to 
teach such 'Students more sophisticated intellectual skills (e.g., reasoning, 
problem solving,...) important'in o.ur. technological society. 

Other prototype projects might explore new teaching methods made possible by 
the existence of such computer tools. For example, traditionally one 
teaches predominantly "bottpm-up"/ i.e., one teaches first simple skills 
(such as arithmetic computation) and then builds upon these to teach more 
sophisticated skills (such as solving realistically interesting problems). 
But the availability of computers, v^ich can perform simple tasks for stu- 
dents, would allow one also to teach in reverse "top-down" fashion. Thus 
one could start quite early to teach problem solving or other sophisticated 
skills, using computers to carry out the necessary simpler tasks (such as 
arithmetic computations). An interest in problem' solving might then after- 
irards be used as a motivating and facilitating context to teach students 
more of the simpler intellectual skills, . ' ~ 

Such prototype effotts suggest several questions worthy of study, (a) What 
are the relative merits' of such bottom-up or top-down teaching methods? (b) 
What intellectual skills are most needed by persons - in a society where 
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computers are increasingly widely available as intellectual tools? (c) What 
are the corresponding implications for the selection of appropriate know- 
ledge and skills to be taught in various curricula? For example, \9hen 
arithmetic computations can so readily be executed by cheap calculators 
practically available to everyone, is there still need to teach students 
great facility in numerical computation? Or might it be sufficient to teach 
them merely how to carry out computations in case of need, but without 
requiring great facility? 

Learning Environments 

Computers can be used to design learning environments \rfiich can foster stu- 
dent learning even in the absence of any formal instruction. Such learning 
environments have been designed for various educational ' levels, e.g., the 
LOGO computer language and "turtle geom^etry" ^ for use by quite young 
children,^ computer environments for learning to troubleshoot electronic 
circuits,^- and others. The following kinds of prototype projects would 
be desirable to explore more fully the potentials of various learning envi- 
ronments. 

Access to realistic data . Computers can provide learning environmentsl;vihere 
students have access to real data (e.g., data about populations and;^.demo- 
graphic trends, economic ^data about various countries,...) and can use the 
computer to facilitate computations with such data. Students would then no 
longer be restricted to working with unrealistically simplified numbers, but 
could work with information pertinent to realistic contexts. Such learning 
environments could also be exploited to teach students useful knowledge 
about modern computer- implemented data bases and the techniques needed to 
work with such data bases. 

Simulated laboratories . Ccanputers can be very prof itably used to create 
learning environments simulating laboratory situatipns. 

Such laboratories may simulate real situations which might be encountered in 
an actual laboratory. However, the simulation has the following advantages: 
It is usually much less expensive than a real laboratory. It allows the 
quick exploration of many possibilities and the systematic variation of many 
relevant parameters. (For example, it is possible to carry out large num- 
bers of simulated genetics experiments without waiting v^eks for real bio- 
logical organisms to grow.) It allows active exploration without danger of 
harm to students (since simulated explosions are much HKDre innocuous than 
real ones). Finally, it allows' students to focus their attention on cen- 
trally im^rtant issues, without being - distracted by the many logical de- 
tails of real experiments. 

Needless to say, such simulated laboratories are not a substitute for all 
real laboratory work, but may often be very good preparation for actual 
laboratory experiments. 

Simulated laboratories also .al,<tOw the exploration of phenomena outside the 
range of ordinary experience For example, it is possible to explore, in 
simulated environments, phenomena iii outer space, phenomena at very high 
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speeds near the speed of light, or phenomena at the atomic scale • 



Lastly, simulated laboratories allow the exploration of hypothetical or fic- 
titious situations not encountered in the real world. For example, it is 
possible to create simulated worlds which behave according to the^ primitive 
pre-scientif ic conceptions of novice students. Students, left free to ex- 
plore such worlds, would then quickly discover in what ways their own con- 
ceptions are not adequate to explain phenanena in the real world. ' 

All the preceding applications could usefully be explored in prototype situj^ 
. ations. ^ " • . - / 

Learning by doing . Effective learning is greatly fostered ivhen students/are 
actively involved and learn by doing. Canputers can provide learning /envi- 
ronments which can markedly facilitate- such active learning. " per example, 
they can provide environments which can be simplified to facilitate^a stu- 
dent's independent learning by discovery — and which can then gradueilly be 
made more complex to match the increasing capabilities of the student during 
the learning process. .They can allow students to -formulate hypotheses, to 
perform experiments in the computer environment, to analyze the/results, and 
to use these to modify the original hypotheses. Moreover, they can after- 
wards exhibit to a student a record of his or her thought processes, thus 
helping to improve the student's intellectual performance /through greater 

self-awareness of his or her own thinking and learning. / 

' / 

Development and use of mental models. Computers permit the design of learn- 
ing environments which help students acquire mental models to deal with com- 
plex phenomena or devices. For example, the simulated manipulation of 
switches can be presented on a computer screen by ^corresponding displays 
showing the' corresponding flow of electrons in circuits — thus providing stu- 
dents ' with useful , mental models of the functioning/ of electronic circuits. 
Similarly, the computer can help students to use alternative mental models, 
e.g., by displaying corresponding visual or mathematical representations of 
the same situation. 

Computers as Tutors ' ^ " 

As already mentioned, computers can potentially be excellent non-human 
tutors, available to every student and highly responsive to his or her 
individual naeds. The potentialities are particularly large if one exploits 
recent methods ,of artificial intelligence to endow such tutors with more 
human- like intelligence. The non-huihan tutor can then have genuine 
expertise about the subject-matter to be taught, can use student responses 
to diagnose the student's knowledge and understanding at any stage, and can 
provide corresponding tutorial guidances For example , such "intelligent" 
computer tutors or "coaches" have been constructed to teach some simple 
arithmetic skills (e.g., in the game of WEST), skills in electronics 
(SOPHIE), or skills in medical diagnosis (GUIDON) 

It /Would be desireible to have /good prototype projects demonstrating ,the 
capabilities of computers as excellent tutors • Such prototypes might use- 
fully include both some . which do not invoke the methods of artificial 



intelligence (thus more easily constructed and also implementable on micro- 
computers commonly available today) and some vrfiich do use artificial intel- 
ligence (thus more powerful and suitable for microcomputers more readily 
available a few years from now). 

The following two aims seam particularly vrorthy of pursuit, (a) Construc- 
ting prototype computer tutors- \Aiich, by virtue of good design efforts by 
very good talent, can provide excellent instruction in a particular scienti- 
fic domain, even without appreciable aid from human teachers, (b) Construc- 
ting such tutors which can help to teach conceptual and problem-solving 
skills in scientific domains of appreciable difficulty. 

Diagnosis of Student Knowledge and Abilities 

Computers, programmed on the basis of an adequate analysis of human cogni- 
tiye processes, can be used as diagnostic devices to ascertain quickly a 
student's existing knowledge, understanding, misconceptions, or intellectual 
skills. For example," an existing computer program' (BUGGY®) has been 
used, with impressive effectiveness, to detect a student's underlying arith- 
metical misconceptions responsible for seemingly erratic errors made by the 
student when adding or sxabtracting multiple-digit numbers. 

It would be desirable to have prototype applications where computers are 
used as diagnosticians to help determine underlying student laiowledge and 
intellectual skills in more complex scientific or mathematical domains. 
Such computer diagnosticians would make teachers more aware of the various 
intellectual components needed for good performance, would reveal to them 
which of these components are deficient in the case of any particular stu- 
dent, and would help uncover hidden conceptual difficulties. Such informa- 
tion would,, of course, be very valuable for planning appropriate instruc- 
tion, (The design of computers for such diagnostic purposes would probably 
also stimulate interesting research questions about cognitive processes,) 

Intellectual Communities by Networking 

Prototype projects might also explore ways of creating useful intellectual 
communities by means of networks of interconnected computers. Such networks 
would make possible beneficial communication and interaction between stu- 
dents with similar interests or similar special problems (e,g, , ' between 
similarly handicapped or gifted students). The networks could thus create 
intellectual communities transcending the bounds of any particular school. 
Beneficial results might include greater intellectual stimulation for stu- 
dents, greater motivation for learning, and less psychological isolation for 
exceptional students in particular schools. 

Networking could also be quite helpful in creating improved interaction 
between teacher or authors of educational programs,.. Furthermore, the exis- 
tence of such networks might appreciably facilitate the dissemination of new 
educational approaches or programs. 



Integrated Application of the Preceding Potentialities 



Although each of the preceding educational uses of computers is promising 
and worthy of exploration, the combined application of these various uses in 
an integrated way would be particularly effective. For example, computers 
could be used to design a learning environment where students could ex- 
plore, on their own, to discover new knowlexdge; would have powerful computer 
tools available to help this exploration.? could be judiciously guided in 
this process by non-human tutors providing them with useful knowledge and 
advice; and could interact with each other through a computer network. Such 
an environment could, indeed, greatly facilitate effective and efficient 
learning. 

It. would be highly desirable to have prototypes v^ere the educational poten-- 
tialities of computers would be explored, in such integrated ways, to pro- 
vide instruction in a particular scientific domain. The full educational 
capabilities of computers could then be demonstrated in particularly con- 
vincing ways. 



Exploitation of Computers for CXirricular Innovation • 

The increasingly widespread availability of computers provides opportunities 
for .promoting and spreading educational innovations more effectively than 
has traditionally been the case. The implementability of these opportuni- 
ties might usefully be explored in some prototype projects. For. example, 
new educational approaches incorporated in "software" programs, distributed 
to microcomputers widely available in schools and homes, could affect very 
directly the learning of students and the perceptions of teachers. Such 
software, if^ sufficiently carefully designed, could thus be used to intro- 
duce more modern topics in scientific curricula, to restructure commonly 
taught knowledge in more modern and effective ways, or to teach more sophis- 
ticated intellectual skills (such as problem solving). These opportunities 
could also be exploited to promote greater scientific and computer literacy 
among all students and teachers. 



Computers in Teacher Education ^ . 

Lastly, it would be desirable to have prototype projects v^ich adequately, 
recognize the new role of computers in the education of teachers, (a) It is 
important to make teachers more familiar with computers and their use. At 
least, teachers must know some of the potentialities and limitations of com- 
puters encountered by them in their teaching positions, and must have a 
level of "computer literacy" not too inferior to that of many of their stu- 
dents, (b) The education of teachers should make them adequately knowledge- 
able about the educational application of computers, about new educaticJhal 
approaches, made possible by computers and recent insights into human thought 
processes, and about new educational goals needed, to prepare students to 
function in our technological society. (c) Finally, computers should be ex- 
ploited as teaching tools in the actual education of teachers. This might 
not only improve the education of teachers, but also make them directly 
familiar with the educational applications of computers.. Such familiar:ity 
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is particularly important if teachers are later to exploit computers in 
their own teaching (since teachers tend to teach in the way in v^ich they 
themselves were originally taught) • 



Effective Implementation of Research 

The kinds of basic and prototype research discussed in the preceding sec- 
tions are essential to ensure reliable progress for exploiting the educa- 
tional applications of computers. However, the fruitful implementation of 
such research and development is not easy. The fundamental difficulty is 
that, while progress in computers and other information technologies has 
been very rapid/ systematic efforts to apply these technologies for educa- 
tional purposes are in their infancy. In particular, the kinds of talent 
needed for such efforts are in short supply, public schools are unable to 
undertake substantial efforts, imiversities are presently beset by financial 
difficulties and prone to view education along rather traditional lines, and 
business enterprises focus primarily on short-term efforts promising quick 
profits. 

The following * are a few suggestions for overcoming some of t±e. difficulties 
and ensuring effective implementation of the needed research efforts, 

InvestintT Appropriate Talent 

The talent, needed to exploit the educational applications of modern infor- 
mation technologies and cognitive science, needs to be more analytic and 
scientific than much of the talent attracted to education in the past, Fur- 
thermore, this talent, like that needed to advance any other modern scienti- 
fic or technological field, must be of first-rate quality. Hence it is now 
important to attract to education some top talent which might otherwise go 
into ^ fields such as artificial intelligence, computer science, 
information-processing psychology, some natural science or mathematics, or 
some branch of engineering, (All these other fields are presently institu- 
tionally better supported, more prestigious, and financially more remunera- 
tive than education. The difficulties of attracting appropriate talent are 
thus appreciable,) 

Successful applications of computers, to provide good education in scienti- 
fic or technological fields, require many different kinds of expertise 
(e,g,, expertise in the particular scientific or technological field to be 
taught, expertise in cognitive science to understand sophisticated thinking 
and learning processes, expertise about computers and computation, expertise 
about educational and graphic design, ,..), It is increasingly unreasonable 
to expect that all these different kinds of expertise can be adequately 
possessed by a single person. Hence it becomes important to provide con- 
texts where persons with different kinds of expertise can effectively colla- 
borate in complementary fashion. Such collaboration requires more than 
' casual interaction between persons in different disciplines. Instead, each 
expert in a particular field must know a substantial amount about the other 
relevant fields to communicate intelligently with collaborating experts in 
them. 



v.lw-- 235 



ERIC 



Judicious Mix of Efforts 

At the present stage of knowledge about the educational applications of com-, 
puters, it would be unwise to focus massive research efforts - along one or 
two directions v^ich might possibly not be very productive, conversely, it 
would be unwise to undertake so many diverse, efforts that limited resources 
would be dissipated in efforts too small to be significant. A judicious 
mixture of kinds of scales of efforts thus seems most advisable. 

In particular, it would seem wise to have efforts pursuing basic research as 
well as some implementing prototype projects. In each of these categories, 
it would then be useful to pursue several (although not necessarily all) of 
the lines of investigation suggested in the preceding sections. 

Similarly, it would seem wise to support some relatively small-scale efforts 
which could encourage imaginative innovation and help to attract new. talent. 
Indeed, some such small-scale projects might have large pay-offs. On the 
other hand, it would also be useful to mount some larger projects to ensure 
efforts with the critical-size resources ' needed to accomplish some more sub- 
stantial tasks. 



Educational R&D Centers 

Research and development efforts directed at the educational applications of 
computers may often require resources beyond those available to an indivi- 
dual person or small group of persons. Hence we (members, of the Science and 
Mathematics Group at the Pittsburgh Conference) strongly\recommend the es- 
tablishment of some R&D (research and development) centers dedicated to 
the furtherance of new scientific and technological approaches to education. 
Such a R & D center should be widely accessible to educational researchers 
and designers throughout the nation. Within the realm of education, it 
should thus play a role analogous to that of one of the national labora- 
tories in high-energy nuclear physics (e,g,, the P^rmi Laboratory), 

Such an educational R&D center would fulfill the following functions: 

(1) It would provide the machines and supporting personnel needed to carry 
out work on the educational applications of modern information technologies. 
Expensive computers could thus be made available - to individual researchers 
or developers who would otherwise have no acces-i to them, (Indeed, 
expensive computers may be needed to design practical educational programs 
for student use a few years later. The reason is that the price of the same 
computer will by then have dropped so much as to be generally available vto 
students,') 

(2) The R&D center would provide the possibilities of fruitful collabora- 
tion between the different kinds of expertise needed to produce good educa- 
tional programs (e,g,, be^tween subject-matter experts, cognitive scientists, 
computer programmers, workers in artificial intelligence, etc,), 

(3) Such an educational R&D center should have a good permanent staff do- 
.ing ongoing work of high quality, in addition (as in the case of the Pfermi 
Lab), the center should provide a working environment for num^^'irous talented 
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researchers and designers staying there for more limited . periods of time, 
such visitors would provide the center with an influx of new ideas and would 
ensure it's continuing intellectual vitality. Some of the visitors would be 
financially supported by the Center;, others would come there to work while 
supported from funds or grants provided to them from other sources. The 
work initiated by visitors could be partially continued by students or other 
personnel even after the visitors have left— especially by exploiting the 
communication facilities provided by networked computers. 

(4) Teachers coming temporarily to such an educational R&D center could 
provide educational designers useful information about student needs and 
school conditions. Conversely, such teachers would learn about new educa- 
tional approaches and programs—and could thus help to diffuse new knowledge 
and ideas to existing schools. 

(5) If such an educational R&D center were close to a good university and 
affiliated with it, the center would also, help in training the new kinds of 
people (teachers, developers, and researchers ) needed to realize the educa- 
tional opportunities of computers. 

A single R&D center would run the danger of becoming unduly fixated on a 
single educational approach and might thus suppress alternative points of 
view. Furthermore, such a single center would not be conveniently accessi- 
ble to visitors around the country. To ensure a healthy competition between 
ideas and adequate access, it would thus be desirable to have at least two 
such centers. One of these might predominantly be concerned with science 
and mathematics, the other with language skills— although no sharp separa- 
tion between these interests would be desirable. 

The advancement of any new field requires sufficient concentrations of good 
talent supported by adequate resources. If well implemented, the establish- 
ment of some educational R&D centers could advance significantly effective 
educational applications of computers and improved scientific approaches to^ 
education—and could thus help meet the educational needs of our technologi- 
cal society. 

Footnotes 

1. National Science Board, Commission on Precollege Education in Mathema- 
tics, Science and Technology. Today's Problems, Tomorrow's Crises, 
National Science Foundation Report, 1982. 

2. TIME Magazine, p. 67 (27 December 1982). 

3. For"example, in the fall of 1982 Carnegie-Mellon University and the IBM 
corporation concluded an agreement for producing, by 1986, powerful new 
microcomputers, with professional capabilities, capable of being pur- 
chased at affordable prices by every student at that University. 

4. see, for example, M. Stefik and L. Conway. Toward the principled, en- 
gineering of knowledge, AI Magazine , vol. 3, #3, pp. 4-16, Summer 1982. 

5. s. Papert, Mindstorms; Children , rnmputers. and Po werful Ideas . Basic 
Books, New York, 1980. See also H. Abelson and A. disessa. Turtle Geo- 
metry; The Computer afe a Medium for Ex ploring Mathematics . MIT Press, 
Cambridge, Mass., 1981. - ^ 
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INTRODUCTION 

The -omputer re-Dln±ion places great demands on our education systems. 
Ame=^_.ans '.E=r tir ha prepared for the new kinds of jobs and social roles 
a- lechnc^gy -as cxeated, and they especially want their children to be 
sc for tiiE as=iu3sr era. Industrial cities around the country are under-' 
g ccnrsr-trxje plans for attracting high-technology businesses and 
raxning wo-k rorce for them. Our school systems are being asked to 
i ..-ovide bettei science and mathematics education, higher levels, of literacy 
and trainability, and specific computer skills. 

This demand for excellence and for new educational forms and content comes 
at a time when schools face severe economic pressures. Budgets are shrink- 
ing, good teachers are abandoning education for more lucrative fields, the 
better students are tending not to enter the teaching profession, and a his- 
• tory of shrinking in-service training budgets makes special efforts to 
improve teaching techniques an added cost that must be considered vrfiile bud- 
gets are being further cut. The dilemma our schools face is that teachers 
need to learn new content and teaching methods if we are to succeed as a 
technological society,-but school systems cannot afford to incur the in- 
creased costs involved in 'providing for this professional development. At a 
time when many teachers tfell us that" they make less than unskilled labor 
and pay out of pocket fp'r the pencils their students use, it is unlikely 
that the costs-o£_the_nec.ess^ary_training_can be passed on to them, either. 

In fact, Americans must face these costs;/ they are necessary to the economic 
defense of our country. However, if haipens that the situation is not as 
dismal as it might appear. The very tecfinolpgy about which we must educate 
teachers has the potential for making,^diem more productive. Several areas 
of science and technology have between 4em created the potential for using 
the computer to improve education, to e'nhance teacher productivity by per- 
forming tasks that do not require^-their special skills and by acting as 
assistants in tasks that demand more ii^geitDLgence. These areas include a 
broad range of activities in the fields of cognitive psychology and artifi- 
cial, intelligence as well as the technological innovations that are making 
computer power, in the form of microcomputer systems, more substantial, more 
easily used, and more affordable. In the next few pages, we present several 
examples of what affordable computers could do for education in the next 
three to ten years and then briefly discuss the computer technology and the 
specific knowledge needed for these possibilities to be realized. we then 
turn to the basic purpose of our report, wtiich is to indicate what role the 
federal government cain play toXcatalyze local schools and the private sector 
into developing and deploying the many computer tools that education for a 
high-technology society needs. 



What IS Possible? 

The computer as a simulated laboratory . Recent research findings indicate 
that many students, even after taking a physics course, do not understand 
the basic mechanical principles that inter-relate force, mass, and accelera- 
tion. They do not understand Newton's Laws of Motion. Their knowledge of- 
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the physical world is stuck at the level of Aristotle while tiiey l^ve in the 
world of Einstein. In a real laboratory, the sort that physics students 
encounter, they can be shown the effects of forces °" f ^J^f.^lo; 

perceive those effectso Now, . computer programs are available that allow 
students to see what wouU happen if their naive beliefs were true and to 
compare this to what happens in a world gover^ned by Newton's Laws. After 
compare "iJ-a r^^„ illustrate events that violate the laws of 

all, computer animations can illustrate events 

Physics. Further, many different, viewpoints can be provided that allow 
aSti;n trfocus on how the student's current beliefs differ from the more 
standard views. In essence, the computer says, "If your ^beliefs v«re true, 
then this is what would happen, but in fact here is what happens instead, 
programs that generate the needed animations are available for classroom use 
Sy. ProgJms tl.at include a built-in tutor that could coach students 
.through individually tailored experiments aimed at their specific levels of 
knowledge will be feasible in a few years.. 

D iagnosis of st nH.n. progress in learning . While teachers have good global 
idi-|f the relative*^ abilities of their students,, it is not uncommon for 
specific knowledge deficiencies in some student to be taken. as sloppiness or 
lack of practice. A collaboration of industrial and university-based re- 
searchers has greatly improved our understanding of «.e ^^ifferent sources of 
mediocre performance in arithmetic,, using the computer ^ • """^ 
tial laboratory approach was to' use the full power of a half-million dollar 
computer to analyze the an^we'rs of children to a set of subtraction 
probleTs. A computer model of ^he specific mental, acts ^^^^t^f^J^ ^l^^l^'. 
fully do subtraction was developed. Then, the computer attempted- to deter 
mLe'^whether deleting one or tw^ specific steps in the subtraction proc^ure 
would lead to the exact error Uttern a child displayed. In J'o^t a third 
of the children studied, a specif ic ■ knowledge deficiency was detected that 
wasl^e cause of a child's problems. Experienced teachers could not detect 
thesf ^aknesses and would haJe simply kept asking the children to practice 
their incomplete skills-to /practice doing subtraction incorrectly. The 
diagnosis program has now beL reduced to fit onto microcomputers that ma^ 
schools already own. Wit;^in a few years, -^^^^ ^ J^sl^^^ 
computers, it can be possit/le for the computer not only to detect "^^sing 
knowledge in arithketic but/ even to provide some hints to the student ^that 

V,. ^ ^v... miQ^Qinrr stGDs that would result in correct perfor- 

allow discovery of the itassing aT:epa juia.^ wvuxu 
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K.f wn.v. to -improve lit^cy . We can imagine an exciting environment in 
;^hi^ students use adva^n Sid" personal computer -yf^-'"^ ^f^^f,^^^^^ ^^^^^ 
distant libraries, to /send mil to their classmates Providing ^^^J^^ 
feedback on their lat/st essays, and to obtain advice from an automated 
tufor a^out how to im.iove their reading . and writing skills ^^ei^ ^^^^^^^^ 
could use computer tools to diagnose individual students' . difficulties 
quickly and to develop appropriate material and intervention strategies ^n 
such a classroom, th4 natural use of the written word to find °"t about the 
world and to interak with other children would result in integrated learn- 
ing of reading an^ writing skills. Pieces of this world already exist. 
Putting the piece^s together and making such possibilities accessible to 
teachers will reqdire some hard work,. 



2 4l244 



What Is Needed? 



ZZLr possibilities will require nore powerful computer systems. 

•However «e have experienced a continual decline in the price of computer 
power vath prices of different components continuing tc drop one-fTfth to 
con;iW%" e-^-year. Expert advice is that these price dropf till 

continue ^for some time, long enough to assure that schools' current le^ls 
of computer investments v^ll v^thin this decade be. sufficient to 
mghines powerful enough to allow intelligent instructional systems to oper- 
ate in our classrooms and in many homes. y e s t:o oper 

our concern is with what v^n not happen automatically. ^he possibilities 
described in the previous section ar^ h«<=o/i .J" - possioiiities 

J 1 ^ . i'^cviuus seci-ion are tased upon our knowledge of recent. 

developments in artificial intelligence and other areas of computer science 
in the cognitive psychology of instruction, and in computer technoSqv' 

|rScTdVc?\f %Mf f i ^-^.^ilities to. b^ fully'^rea^S: 

rne Basic advice of this confere n ce is that striking impr ovement in the 
quality and produc tivity of instructional -t^i;^^;i^^F-A'i:^^^~ ^ 
attainable bu t j ^ not c ome to pass without^T national' inves^ l^ p-^^^ 

considerable software is being developed at the cottage industry level at 
little risk to publishers and rother school suppliers, lo pay only royai;ies 
on actual sales. Most of this software consists of modest^^tensions of old 
programmed instruction techniques and video presentations of existing 
workbook pages. swamped by the new world of computers, sc^oo! 
administrators and teachers are so, impressed ° and challenged by ekn t^ese 
weak products that little is required to successfully Lrket them in 
contrast, the development of„ significant intelligent computer tool's for'' 
:urTpi:fi?on ^eTr''^ r i'^'^- Should businessmen JShange a 

gro: T^e ZsT: o^^^r^t 'fo^ces^^S'e Trll ^^^^^^ Left to 

T., T . . ^ "--i- mdrjteT: rorces, the world of computers in school*; i<; 

alH \ TT" containing., students who are isolated Tro^ each ' 

other by electronics, bored or confused by poorly designed softwart and 
rendered passive by systems which- do not promote exploration or initiative 

We ask the federal government to take some of the intitial risks and to make 
a market for excell ence in computer-based education. Specifically^ 
recommend the following: ^ j-i-j-^dxiy, we 

The federal government should fund a coherent^f f o rt to devel- 
op prototypes of the in t elligent ins tru ct^inn^ «ych^n.c 
lieve are possible. Such prototypes , can act as guides for pri- 
vate industry and also as laboratories for needed resear ch on 
the specific processes involved in skilled reading, writing, " 
mathematics, and other intellectual performances, new ways "to 
adapt to individual differences in aptitudes and progress in 
learning, and the applied psychology of student and teacher in- 
. teraction_with automated instructional systems. They- would 
also proyide a vision of the range of possibi=lities for. the 
computer in education, forcing attention to the research issues 
needed to achieve those f^ssibilities, and helping us to solve 
the problems involved in bringing new sources of learning ' 



into the nation's many and varied school systems . 

These four general recommendations, for" a coherent, c6ntinuing effort, for 
the development of prototype systems, for basic research, and for efforts 
relating to implementation and teacher training are discussed in the next 
four sections. ! 



A OOHERENT NATIONAL EFFORT 

In order to be productive, the projects we propose should be integrated into 
coherent combinations of basic research, prototype development, and field 
implementation. The researchers who lay the foundations for improved uses 
of computers in the learning process must be involved in field testing so 
that research and practice can inform each other. Researcher interactions 
with teachers as they learn to use these new tools is especially<:^ important. 
We see prototype teacher training efforts as a partial responsibility of the 
researchers \*io are funded bas :d on out" other recommendations.. : At .t^^^ very 
least, those researchers should be major consultants in the development of 
training systems, both to preserve the involvement , of the knowledge producer 
in knowledge application and because of the feedback - that^- t 
. provide, through this mechanism, to researchers. 

Projects should be large enough in scope and duration to provide cleat 
outcomes. None of the more exciting possibilities we have considered can be 
realized, even in prototype form sufficient for testing of ef f icacy, wi thput 
multiyear efforts by cooperating, interdisciplinary, groups of researchers, - 
teachers, school administrators, and parent^. . ^yThe >rork need : not be 
restricted to a single institution; indeed this may be a serious limitatipn; 
However, it should be concentrated in a small number of projects, ;each-> ^ 
which involves prototype development as well as basic research:: and/or. school^ 
implementation efforts. This suggests an imaginative ' funding competition^ 
Both large and smaller initial proposals might be solicited, af ter^ vjhich 
existing multifaceted efforts that survive the competition might be funded 
directly \*iile smaller-scaled proposals that are of high , quality might be' 
the basis for the negotiation of a mul.ti"institution consortium. 

DEVELOPMENT OF PROTOTYPE COMPUTER SYSTEMS 



Intelligent computer systems can contribute to current efforts to increase 
the amount of reading and writing children do and the amount and quality of 
feedback and guidance they, recieve . we recommend that- s^^ prototype 
systems be developed to exploit this possibility. One important need is to 
develop comrnunication networks tying together classrooms, libraries, and 
other information sources and information processing tools On a local, ■ re- 
gional, and perhaps .national level." Some of these information sources and 
information processing tools are themselves targets for prototype resources 
that are likely to. substantially improve literacy, instruction and are un- 
likely to otherwise be developed and tested in any powerful form. 
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Information Resources 



Electronic Libraries - 

We recommend that one or more prototype electronic libraries be develop^-d. 
These libraries should be very large data bases of information that can 
serve as source material for student writing. Having substantial material 
available to students via computer network has several advantages. First, 
It provides a common information source that is rich enough to support a 
variety of writing tasks, students can receive research assignments, criti- 
cize writing already in the database, synthesize different bodies of infof- 
mation, and perhaps even contribute information of their own. A second ad- 
vantage of the electronic library is that teachers can receive training in 
precisely the same environment available to students. Methods tried out in 
practicum courses would not suddenly fail because they refer to books not in 
the local school library. Techniques that worked at one school could be 
published and used intact by other schools (indeed, we assume that elec- 
tronic school library systems will eventually be used by teachers to ex- 
change ideas about writing assignments that have worked well). Finally, the 
skills of data base access and information retrieval are themselves part of 
what will constitute literacy in the future, and students will best learn 
these skills in the context of substantive information needs. 

Indeed, scholarship has always involved finding, understanding, analyzing 
and extending existing ideas, m that sense, what we are calling for is 
research on new resources for accessing and analyzing information, along 
with exploration of whether these new forms can be used to improve the 
scholarly abilities of our populace. 



Automated Dictionaries 

■ ' ■ ~~ / 

While the communications technologies make access to distant electronic 
libraries feasible, other technologies allow the possibility of mass-produ- 
ced local information resources. we recommend that the microcomputer and 
videodisc technologies be used to produce intelligent, automated diction- 
aries and thesauri. with such systems, for example, the "circulatory sys- 
tem" could be explained by an animated visual presentation of blood circu- 
lating in an animal, together with explanatory text concerning the process. 
Definitions of words could be accessed while reading, through touching the 
screen, or v*iile writing, by typing an approximate spelling. 

This ease of access should make a qualitati lange in the way dictionaries 
are used. For example,, there is some eviuence that children who do not 
learn very well are less prone to attend to precise meaning and to details 
of a text. By decreasing the effort required to access 'information about 
terms used in texts, we may well create a situation in which slower learners 
learn that precision and completeness in reading a text will result in bet- 
ter learning. 

Products which make existing forms of reference information (e.g., diction- 
aries) accessible to computer systems already exist. The researdi xssues we 
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raise are (a) are there new forms of intelligent reference systems that are 
worth producing, and (b) how can automated reference systems be used effec- 
tively in the schools. Given current research on vocabulary and its rela- 
tionships bo intelligence, it seems likely that more than definitional in- 
formation will be needed, that automated dictionaries will need to be smart 
enough to teach differences in nuance between apparent synonyms, for exam- 
ple. 



Interactive Text 

Similar benefits may come from extending tl-.e automated dictionary concept 
even further, into the interactive text . The prototype we have in mind 
vould include the kinds of explanatory resources just described, so students 
could ask to have a concept explained or a point elaborated. In addition, 
the interactive text could have questions embedded within it for students to 
answer. Some analysis of children's answers to those questions would be 
performed and subsequent presentations would be geared to the level of 
understanding revealed by tiiose answers. interactive texts of this type 
will make reading more like conversation with an expert. 



Information Processing Resources 
Coaches And Tutors 



Artificial intelligence research has proceeded to the point at which a 
variety of coaching and tutoring activities can be conducted by a computer 
system. It is time to begin building prototype intelligent tutors so that 
we can study the efficacy of such approaches. A writing coach could aid 
students as they try to generate ideas and plan their writing. It could 
also help students think about their goals and encourage them to continue 
writing. When the student has finished a .draft, intelligent text analysis 
tools could analyze it in t6rms of spelling, grammar, and style and make 
suggestions for revision. A computer coach might ' even prompt writers to 
read their text reflectively and to use good strategies in revising the 
text. In order to develop'high quality writing coaches, we need research on 
the writing process in skilled writers and in students at different levels 
of achievement. On the other hand, the existence of preliminary systems 
will greatly enhance and better focus such research. 

With videodiscs and microcomputers, it also becomes possible to provide 
students with models of skilled performance in many different tasks, such as 
skimming, studying, generating ideas, irevising text, etc. That is, ^h^ldre^ 
could be given access to interactive texts that explain what a trilled 
reader or "writer does in various situations. In order to develop tutoring 
systems for the various literacy skills, we will need to develop 
computer-based models of skilled performance anyway, since tutorial systems 
operate in part by^comparihg an analysis of what a student did to analyses 
of expert performance. perhaps students can benefit from direct access to 
\_tliese models as well as from the tutoring systems that use them. 
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Communication Networks 



we recommend funding of one or twc computer network projects. These pro- 
Dects should test existing network tools, building prototypes of new oner as 
necessary, computer networks can provide three different kinds of access to 
information sources, (a) access to information and tools not available in 
the classroom, (b) access by students to other students and adults with whom 
Ideas. and suggestions can be exchanged, and (c) access for teachers to share 
resources and ideas. For example, students might use a network to help them 
write about some topic, such as why the rainbow has different colors. To do 
this, they might s^.nd messages to their friends to ask for suggestions on 
what to read or advice on vAat tack to take in their writing. They miqht 
retrieve texts on rainbows through the network from an electronic Ubrarv 
Later they might send drafts of their text to friends for comments and sugl 
gestions. Such networks provide an environment where reading and writina 
arise in a natural context. 

Networks, therefore, provide a fwwerful context for .learning to read and 
write. They. also provide resources beyond the physical constraints of the 
classroom, both for students and teachers. The cost of sending messages is 
quite low (even messages sent across the country cost only about 10 cents 
fiach). However, one reason for building prototype networks is to allow ex- 
ploration of the relative economics of local and long-distance networks, to 
learn what costs attach to what sorts of uses, and to foster the development 
of schemes that, realize the exciting possibilities of information networks 
for literacy instruction without the expense of free, unlimited telegraph 
service for all school children. ^ 

Good j- ocal area network projects need to be sponsored. These should provide 
exemplary prototypes of both hardware and software needed to support a 
closely-knit user community within a school or a geographically constrained 
user community. 

Networks, Videotex facilities, data banks for parents and children, and 
6omputer-based bulletin boards are already starting to be developed. How- 
ever,^ there is need for further support in this area, with attention given 
to richer analyses of usage, analyses that include observational work, cog- 
nitive performance (task) analyses, and more traditional achievement 
measurements. 



BASIC RESEARCH IN ODGNITIVE AND SOCIAL PROCESSES 

If we are to realize the potential of computer technology for helping stu- 
dents develop as readers and writers, we need research of several kinds. 
First, we need to understand vrfiat motivates students to become active 
readers and writers, and we need to understand how computers can be used to 
support these interests and not liniit them. We must also understand how 
computers can provide readers with resources ranging from advice while read- 
ing and writing to convenient library access. We need certain types of com- 
puter science research that explores the uses of computer technology in 



diagnosing individual student' s difficulties with reading and writing, and 
the uses of computers in helping students overcome problems. Finally, we 
must remain alert to the effects, both desirable and undesirable, that 
various uses of computers may have on students' patterns of development as 
readers and ^.vriters and on the social organization of the classroom. 

We havr several general recommendations for how research funding should pro- 
ceed* One view of this research agenda encompasses all of cognitive and 
developmental psychology and much of computer science. The advances of the • 
past two decades in cognitive psychology, linguistics, artificial intelli- 
gence, and cognitive development are the basis for the exciting possibili- 
ties for computers in education that motivate this report. Xwe support 
long-range national investment into these research areas >but. limit our 
recommendations here to domains of research from v*iich we esipect a shorter- 
term payoff: enhanced design principles for interactive instruction and in- 
formation retrieval systems for education. There are multiple environments 
and strategies for carrying out this research. Some of it could be done in 
relatively isolated laboratories; some should b,=i/ carriera out in the content 
of developing prototype systems; some will be enhanced by large, multi-dis- 
ciplinary research and design teams. In every/ cape, we strongly urge that 
the research integrate the insights of teachers and other education practi- 
tioners with those of scientists. The development of useful system? will 
rest on the twin pillars of practical and theoretical '/mowledge . 

/ ^ ' ' 

Knowledge Retrieval 

• ■ . • ./■- • 

The basic research agenda in this area can be divided into three parts. We 
heed greater knowledge about: (a) How hUmans (young and old) store, process 
and retrieve information already contained in their heads and how they can 
improve the efficiency and ef fectiveneas of these processes,, (b) How humans 
(young and old) acquire new information from their environment — especially 
computer assisted environments — and how to improve this acquisition process, 
(c) How information 'sources (documents? and computer files, electronic and 
traditional librarieo, printed and electronic dictionaries) can be designed 
to facilitate information acquisition by humans. Without the "better answers 
to these questions, our design strategies for effective computet-human 
interaction and retrieval systems will be primitive at best. 

Retrieval And. Use Of Prior Information 

.Research should be funded that addresses fundamental issues human 
long-term memory storage , organization and retrieval. It shoxilfl adifsr^sss 
*such questions as the following: 

a 

(a) How well do students understand the degree of knowledge they have 
about a particular sxibject? What prompts tjrem to search for addi- 
tional information? 

(b) To what degree must a person and a machine have the' same 
organization of information in their memories in order for one to 
retrieve information from the other? 
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(c) How can we produce or provide clues to students so they can 
remember more, organize prior information more cogently, and 
acquire infoirmation from other sources more efficiently? 

X. 

(d) Under what situations (if any) do students overestimate . their 
knowledge or believe false knowledge? Can this be identified and 
remediated? 

(e) How do the cognitive skills needed for effective memory storage 
and retrieval develop? Should we structure information-rich en-" 
viromnents differently for different-age children?' 

(f) TO v^at extent do^ cultural and social experiences influence 
memory storage and retrieval processes? What effect should this 
have on the design of computer-human interaction systems? 

(g) What are the heuristic strategies of persons (young and old) who 
are skilled memory retrievers? Can these sit^itegies be taught to 
others? 



Acquiring New Information 

We recommend that some research funds be- allocated for studies in the psy- 
chology of human learning, information processing, and systems design • 
Specifically, research is needed on methods for improving student-computer 
interaction (for all ages of students), and on modeling \^at a student knows 
in order, to tailor presentations to his/her needs. The (development of 
models of skilled reading of familiar and . unfamiliar te^^t is another 
especially important task in this area. Other research questions that bear 
directly on the design and use of intelligent systems include: 

(a) What are effective human retrieval strategies (heuristics) for 
familiar and unfamiliar rich data bases? What do we lose or gain 
by automating retrieval systems to as high a degree as possible? 

j (b) Are there differences in effectiveness between "bottom-up" (induc- 
tive) and "top-down" (deductive) retrieval strategies? Are these 
differences general, or do people differ in which strategies suit 
them best? ^ . 

— (c) To what degree should the nature and complexity of computer refer^^ 

encing and retrieval systems vap( fl^dx students of different art^'^. 
or backgrounds? . . 

(d) How can students I)e prompted to make intuitive or anticipatory 
leaps in the acquisition and comprehension of new information? 

(e) What are the best mixtures of teacher and r^vachine assistance in 
the acquisition of new information? c 



Refining Information Sources 



The Department of Education has already sponsored a successful project on 
document design. Results from that work will be of great utility in design- 
ing effective information systems for schools. However, there is need for 
more specialized research that relates specifically to the possibility of 
delivering information via intelligent machines. The questions listed below 
illustrate the kind of additional research thaf is important, 

(a) Are different media (e.g., sound, text, pictures) necessary for 
effectively transmitting different kinds ox: infoirmation to stu- 
dents of different backgrounds . (age, prior knowledge, culture) for 
different purposes? 

(b) How do we best integrate text with sound and pictures 
( particularly animations and films) for effective imparting of 
information? 

(c) What kinds of cues, probes, and strategies can an effective 
retrieval system use to make the hum^n task easier? ^ 

* (d) How can interactive texts be designed to facilitate access U> 
relevant information at a level appropriate to the reader's skill 
and knowledge level? 

(e) How can the comprehensibility of text best be evaluated? 
Comprehension And Writing Strategies 



Research to date suggests that even 'secondary-school students have difficul- 
ty summarizing texts, defining main points, skimming text to abstract infor- 
mation quickly, taking notes, and planning and revising compositions. So 
far, most research has focused on sentence- level reading and writing 
activity, analyzing skills that are either spontaneously available or read- 
ily taught, HigHer level (whole text) activities such as summarization and 
planning are clearly of equal importance, but are not yet as well under- 
stood, we envision computet aids that will help students by controlling 
which information is presented and how it is paced ^ by highlighting portions 
of the text, etc. However, we \ need greater understanding of higher- level 
literacy processes before we will^know which possibilities are likely to pay 
-otf~. ^ • 



Self-monitoring And Intentional Control Of Text 

\ 

Even after we identify the strategies most effective for variouia reading and 
writing tasks, we still face the problem of discovering effective^ ways to 
teach those strategies,' We also need to ^ assure that the automated tools 
that we provide for studfents do not become barriers to better hu^nan skills. 
Four strands of research are proposed with the intention of creating the 

♦ ^ . 
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research base needed to promote the design of effective computer programs 
for assisting, prompting, and teaching effective comprehension and writing 
skills, 

(a) Theories of internalization of cont:rol . When the computer acts as 
a mentor, its reasoning should be transparent to the student so 
that the computer's strategies will be internalized by the stu- 
dent • We need to know how such prompts become internalized so 
that we can insure that their use will not encourage passive 
strategies, 

(b) Parameters for effective use of computers-based procedural facili- 
tations . We need to know when (and foi- how long) students should 
be actively coached through reading and writing tasks. We also 
need to know vdiich mentor functions are best carried out in the 
social milieu of the classroom and v^ich in the "more private space 
of the computer terminal, 

(c) Role of prior knowledge in effective use of mentor functions of 
computers . The successful use of coaching techniques will also 
depend on the materials and context in vdiich they are applied. We 
need to know more about these factors, to determine the conditions 
of prior knowledge most conducive to internalization of control 
procedures and the conditions that will best foster learning of 
new content in diverse subject areas. 

Training attention to cues useful in guiding writing or reading 
processes . Difficulties in reading and writing are sometimes 
caused by failure to notice the cues that an expert would use to 
control reading and writing processes. For example, children m^^y 
write sentences >*ii.ch lack parallelism or paragraphs v*iich are 
poorly organized because they fail to notice lack of parallelism 
or poor organization in the text they generate. Unskilled readers 
may not take a sense of confusion in reading' a text as a cue to 
reread or to search the text for the answers to critical ques- 
tions. Research is needed to develop techniques for teaching stu- 
dents to notice and respond to symptoms of inadequate understand- 
ing or inadequate communication of ideas. 



Diagnosis And Intervention 

a 

Teachers have difficulty in identifying students' literacy problems quickly 
in their busy classrooms. They could benefit from interactive computer sys- 
tems vAiich make (or help to make) diagnoses of student skill levels. For 
example, a diagnostic package vdiich probed th6 students' ability to detect 
problems in grammar and organization or to identify major- points in a text 
could alert the €eacher early in the semester to ^^iscial needs of students 
for remediation. As the complexity of di4gnc^r.f^: assessment increases, new 
psychometric models based on cognitive theorist, of competence in reading and 
writing should be developed. These models may be used in guiding decisions 
about how optimally to sequence diagnostic tests of reading and writing 



should be developed. These models may be used in guiding decisions about 
how optimally to sequence diagnostic tests of reading and writing skill. 
They will also help us summarize and interpret complicated patterns of 
errors in students' performance on criterion -reading and writing tasks. 
Further, they will permit us to study and ^summarize changes in students 
diagnostic profiles over time. 

AS we discover powerful ways to diagnose students' reading and writing abil- 
ities and difficulties it will become possible to combine diagnostic assess- - 
ment with coaching and tutoring of enhanced literacy skills. For example, v^. 
in writing it would be possible to summarize strengths and weaknesses of 
writers in such areas as punctuation, grammar, diction, rhetorical organiza- 
tion, and suitability of writing style for a given genre. In addition, it 
might be posrible to assess strengths and weaknesses in editing and revi- 
sion. Within each of these areas it then would be possible to tailor train- 
ing in writing skills according to the kinds of problems encountered m each 
area . ^ ' 

Diagnostic assessment and training of literacy skills by interactive compu- 
ters may become an extremely important vehicle for overccming the 
educational difficulties of^ students from special populations; students who 
are handicapped or who suffer from learning disabilities have special educa- 
tional needs which might be better met with computers. The same can be said, 
for students from non-English backgrounds or students from backgrounds where 
English literacy training has not been extensive. 

It is essential, as computerized intervention systems are developed, that 
they be evaluated carefully. At least four questions must be asked of such 
systems: (a) Do they have any positive effects at all? (b) If so, how long 
do these effects endure? (c) Are the positive effects transferable to 
everyday academic language use and problem solving? and (d) Do the effects 
replicate over different student populations, materials and environments? 



Motivation 



While solid research has yet to be conducted on this issue, we suspect that, 
students' use of computers in classrooms, may affect their motivation to 
learn in both desirable and undesirable ways. The availability of powerful 
computing resources to help students acquire reading and writing skills may 
enhance development of a personal sense of literacy, leading the student to 
participate more fully and effectively in everyday .classroom activities. 
For example, availability of electronic mail systems and use of ccriputers to 
create classroom newspapers 'may increase students' interest in using liter- 
ate media as a mecins for communicating ideas. This increased motivation to 
read and write may have positive long term consequences for "learning • how to 
learn, developing idea- generation skills, and developing social skills. One 
can also imagine negative motivational consequences arising from misuse o 
computerized tools in the classroom. Excessive ini:erest^in ^^P^^erized 
learning games as a m«ans of entertainment may lead students to lo?.e 
interest in participating in teaeJii^led activities or sustained independent 
work. Students who ar^ already poorly accommodated to the social life of 
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classrooms may become even more poorly adjusted. This may occur . because 
students become more withdrawn as they interact less with other students and 
teachers and more with computers. Some students may also lose self-esteem 
because they find that they are not as skilled in computer activities as 
other children. We recommend research dealing with issues such as the 
following*. , 

(a) What are the motivational consequences of instruction by computer, 
teacher-led instruction, student group activities, and individual 
seatwork? whicJi approaches should be used v*en? 

(b) Computer literacy stands a chance of creating yet another area 
where differences between the least able and most able performers 
create new social class divisions. if less able students use 
computers primarily for diagnostic and remediation purposes while 
more able students are engaged in more creative activities, will 
only the latter come to regard the computer as a powerful tool 
rather than a taskmaster? 

(c) While computers can create motivating game environments, we do not 
want to make students addicts of artificial reinforcement. There 
is another potential problem, ideally, in using a tool to solve a 
problem, the user's attention should be on the problem and not on 
the tools. Adding motivational features to a computer tool may 
focus too much attention to the tool itself. Research addressing 
thef;e problems should be encouraged. 

How can computers be used to improve selfr-perception, social in- 
teraction skills, and pride in computer literacy as a personal 
form of expression? 



(d) 



HELPING "SCHOOLS. BECOME COMMUNITIES OP HDUCATIONAL COMPUTER USERS 

Even the best tools for computer-based education will not be widely used 
unless (a) care is taken to put them in forms that solve school systems' 
problems; and (h) effort is allocated to teaching teachers how to use these 
resources. m this section, we present first a set of goals and concerns 
that we feel should pervade all national efforts to improve computer-based 
education. This is followed by a set of recommended activities related to 
development and implementation of systems that can significantly improve 
education. ' . \ 



Goals And Needs 



Computer as Helper, not Master . The computer can be our servant in educa- 
tion, a new kind of servant that , can be asked to do things we have never 
before tried to do ourselves. We must be trained in order to best be served 
by it., m our vision of new possibilities, we must also recognize the limi- 
tations of our computer helper. A computer cannot replace human role models 
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in education nor is it smart ' enough to supplant human teachers in their 
sympathetic interaction with children. Our national goal for the computer 
in education should be to find ways for it to help children learn, help 
eliminate teacher tedium, and give the teacher effective support systems 
beyond the capacity of parents, local schools, and school districts. 

Challen ge o f New Technology in a Democracy . Some people fear that the 
computer will increase the already wide gap between the haves and have-nots, 
between those who use computers routinely in their homes, and those who 
cannot afford such luxuries. The danger of ignoring the special needs of 
the educationally disadvantaged should be recognized, and policy should 
ensure that this does not happen. If this tool is to be made available to 
our schools it should be made available to all children equally. A unique 
opportunity of the new technology for education is to extend the learning 
environment beyond the school and into homes. Yet, special care must be 
taken to avoid intrusion on parents' rights and responsibilities and to 
assure that equality of computer- re la ted opportunities in the school is not 
eroded by differences in home computer availability. 

The traditional Jeffersonian aim of a universally literate democracy should 
be extended to include computer literacy and math and science literacies, as 
well as literacy in reading and writing. The computer can support this 
traditional democratic ideal by its flexibility in filling, the needs of 
special students, including the highly talented, the handicapped, and the 
disadvantaged. Its potential as a tutor for special students should leave 
the teacher free to teach in more individualized and imaginative ways. In 
all this, the computer should remain an optional, not a compulsory tool. 
Its use should be left to local wisdom and judgment. 

Need for Training . Our experience with the introduction of educational 
television suggests that schools and school districts must plan for staff 
training if new technologies are to be fruitful in the classroctn. If we do 
not assist our underpaid teachers in the task of learning about computers in 
the classroom, the enterprise will fail. Teachers as well as students and 
parents need our help both in advice and training, and we also need to 
engineer the classroom computer tools we build so they are understandable 
and usable by a wide range of people. Electronic technology is no longer 
the domain solely of engineers and scientists. Computers are for everyone. 
- Professional development resources relating to computers in education must 
be extended not only to the math and science teachers but also to teachers 
of reading, writing, and other skills we expect in our citizens. 

General Policy Recommendations 



Research On computer Potentials 

The U.S. Department of Education .should support innovative and far-reaching 
research designed to analyze the potential of computers for improving educa- 
tion in order to help policy makers, educators, publishers, and manufac- 
turers anticipate the consequences of introducing computers on a broad scale 
into education. It is important to anticipate the changes computers are 
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bringing before the effe'cts of these changes are vd.despread. 

Analyses should include research on new roles for teachers, new organiza- 
tions for classrooms, and new educational settings. K>r instance, analyses 
should be concerned with the following roles: (a) the role of the teacher 
as selector of existing courseware, as courseware developer, classroom 
manager, coordinator of "intellectual communities" established through com- 
puter networks, and as creative tutor and coach; (b) the role of the student 
in peer tutoring, network "community" member, database user, courseware 
developer, author, and editor; and (c) the role of the administrator as the 
person responsible for learning resources and computer courseware develop- 
. ment centers, as a teacher training specialist, as network library coordina- 
tor, and as research and development liaison coordinator. 

Other innovations should include research on new organizations of students 
beyond and wthin the classroom that may result (or be worth trying) when 
powerful computers are introduced into education. Furthermore, careful 
consideration should be given to new definitions of curriculum, of 
\ instructional research and development, and relations between the school and 
\ community. Our perception of community may change, too, as computer 
Vnetworks increasingly extend across regional and national boundaries. We 
should explore the potential of such international exchanges. 

The use of computers in schools raises a number of economic issues. 
Research should be undertaken to analyze the cost and benefits of 
alternative forms of hardware and software, of retraining, and of authoring 
systems and other instructional software programs. Financing computer use 
m the schools, and the benefits of cooperative development of software, 
should be reviewed. Another research focus should concern the economic 
impact of computers on labor intensive school organizations. 

Quality Ag^urance 

The softwar4v^initially sold to school systems was mostly of mediocre quality 
or worse. A variety of initiatives will be required if this situation is to 
improve to the-.point where we can think of computers in the schools as a 
major factor in.fostering excellence in education. Efforts should be made 
to integrate practitioners, scholars, technical experts, and other 
appropriate persons^, into the computer systems development process. This 
will require such research as the following: 

\ 

(a) Observational research on the use of computers in various educa- 
tional settings, looking for constraints or barriers to implemen- 
tation, arid po.ssible ways to overcome those barx-iers and con- 

, straints. . \ 

(b) Efforts to establi'9h university-school-pviblisher collaborations to 
design, develop, implement, and evaluate software. 

■ \ ' ' 

(c) Greater concern for educational applications in such basic compu- 
ter research as the s^dy of human-machine interactions and the 
ergonomics of hardware designs. 



(d) Research on systems for field testing and evaluating all 
courseware, not just prototypes. Quality guidelines should be 
established for authoring systems, for instruction and assessment, 
for selecting software programs, for field testing and evaluating 

in- school settings^ "and for~developing software in ^the privat"e~ 

secror . 

(e) The development of an automated data base of information on 
computer tools for education, common languages for authoring, and 
demonstration collections of courseware materials. 

, . . ; " . _ ■ / 

Training Prototypes 

Teachers of reading, writing, language arts and English need continuing 
education.. In addition to subject-matter revitalization, as can be by such 
resources as the National Writing Workshops, there will need to be 
opportunities for teachers to become familiar with computer resources and to 
learn how to use them well. Excellence in the technology-driven education 
world we are entering will require '>the development and evaluation of 
innovative prototypes for training present and future school personnel. 
Possible sources of such training include research and development centers, 
labs, summer institutes, teacher- training institutions, and the schools 
themselves. 'Obviously, some of this training might itself be delivered by 
computer. Teachers being trained should be provided with on-site use of 
computers for experimentation, and provision should be made for text 
materials, demonstrations, teacher models, practice opportunities with 
feedback from the teacher trainer, follow-up monitoring, and other support 
services. It is important that training efforts be based on the best 
instructional research, and that they undergo field testing, to ensure high 
quality. 



Long Term Evaluation 

We also recommend long-term on-going evaluation of computer uses in schools 
to assess the effects of individualized computer-based instruction on the 
achievement and self-concept of students. Studies should- be conducted to 
compare computer-based instruction to alternative approaches. Other 
assessments . should review the effects of hardware and software on such 
student variables as achievement, time-on- task, self-concept, and attendance 
and on such teacher variables as effectiveness and burnout. A broad study 
of the ' impact of. computer and video technologies on children's development 
should be considered. ^ — 



• Specific Funding Recommendations 



Our specific recommendations for development and implementation research 
fall into the following four areas: 



(a) The classroom as a community » we need to assiire that computers do 
not destroy valued aspects of classroom instruction and to* foster 
the effective use of computers in classrooms. 

(b) Professional support for teachers ^Q we need to avoid both the 
actuality and the perception that the computer is being used to 
further subjugate teachers or to deprof essionalize their role. 
This suggests that effort should be directed toward prototype 
systems that can save teachers' time and free them for 
professional development, better lesson planning, and more 
one-to-one interactions vdth individual children that can improve 
the excellence of American education; 

(c) Computers in the broader community , we recommend research on 
networks to interconnect ^ classrooms and ^other places where 
learning happens, such as the home; arrangements for the 
involvement and training of teachers and parents; and the 
possibilities for better articulation of learning at home with 
learning at school in an information-rich world. 

(d) Computer literacy . We need to teach our fellow citizens about 
computers. a number of the recommendations made to deal with 
other concerns will help solve the problem of teaching parents, 
teachers, and students what computers can do, how they work, how 
to use them, and the general skills of problem solving that are 
needed to use them with facility. 



The Classroom ; ^ 

The classroom has evolved over the years as our primary mode of instruction 
for school children. Adding computers to the clfissroom must be done in ways 
that do not destroy the good already present. This suggests that there must 
be careful analysis of the patterns of interaction in non-computerized 
classes as well as those to \^ich computers become available. Further, 
there is need to provide advice to schools on the kinds of classroom 
arrangements that work best when computers are used. 

Currently, social interactions between students in class tend to be limited. 
Very little of the school day is spent in serious team efforts, even though 
we rely heavily on our schools to teach children how to work together to 
solve problems. Computers can help or hinder peer interactions. In the 
worst case, they will reduce learning to an even more solo activity. In the 
best case," they "dan crea^^ interactions 

in the solving of problems and the development of understanding. 

... . , ,.- ■ - ■ ' ■ 

Prototype school and classroom designs . Research should be supported that 
_J^Ads__to_well=:motivated„pr.ototype_designs-^o facili- 
ties: computers in classrooms, combinations of in-school and out-of-school 
facilities, and, if it should prove effective, resource center arrangements. 
Demonstration sites that can be evaluated will be necessary. Such sites 
should emphasize joint involvement of students, teachers, and joarents in the 
learning process. Again, they should address the issue of when computer- 



ERIC 



25D 



256 



based activities are effective, not just whether they are. Prototypes that 
assure students free and rich access to the computer throughout the day are 
especially important. . 

Making students more able to learn . It is important to create systems for 
students, that allow (and help) them to make their own reading and writing 
tools. A general purpose computer language that is specially adapted to 
language (in the way the LOGO "turtle" facility is adapted , to geometry) 
could be used by students to develop their own reading and especially writ- 
hing tools.. For example, a computer language based on topic-comment linguis- 
tic analysis could have ^procedures to amplify operating primitives such as 
/!genre,.V "tense," audience," "man," "sad" into personally stylized text 
.structures that communicate effectively and forcefully. The goal we propose 
is a prototype computer environment which emphasizes peer interaction in 
such activities as planning of compositions, classroom newspapers, and group 
business enterprises :;..mulated on the computer. 

Human engineering of computer systems for special students and for group 
activities . Display devices and input facilities for group use of computers 

^ shou^ld be ■ encouraged . We expect such resources to be developed for business 
use by private enterprise and hope that as this happens, they will be 
deployed in some of the proposed exemplary prototype , R&D activities. - 

^Special populations, such as. the deaf or blind, shpuld have specially 
adapted tools that help them read and write effectively. Appropriate 
computer use of visual or auditory natural language interaction is possible 
now and can be made available to this population. 



Teaching Teachers And Administrators 

One important way to assure that teachers invest the efforts that will be 
required for them to become facilt computer users is to assure that some of 
the innovative development efforts are aimed at saving teacher time. As 
discussed above, teachers need more time if they are to achieve excellence 
in their efforts: for" continuing education, for lesson planning, and for 
individual efforts with students. Each of the multiple roles of the teapher 
begs for technblogical support and transformation. Many roles require tools 
similar -to those suggested for tiie learner, including assists for informa- 
tion' creation, modification, transmission, location, and access. Besides 
these, ^other roles, specific to the teacher, could include (a) systems to 
teach teachers how to use specific courseware products; (b) systems to 
demonstrate to teachers the possibilities of sophisticated learning inter- 
action formats, such as simulation , Socra tic dialogue, intelligent prompt 
fading, -or gaming; (c) systems for authoring or customizing instructional 
software; and (d) systems to supjport feedback and grading functions. 

Fe edback, grading and other teacher aids . Prototype software should^ be 
developed for the annotation of student writing assignments' by teachers. 
Effective use of pointer devices such as the mouse and of ' menu displays 
would! allow teachers to build libraries of standard comments that could be 
mapped onto a student's essay by pointing in turn to a location in the essay 
and a comment on a feedback menu. in addition, grammar correction and text 
.summarization systems would help save teacher time. Prototype network 



systems that are developed for schools should include devices for enhancing 
teacher productivity, such as on-line homework assignment listings, lesson 
planning aids, and "blackboard note" recording systems. Loudspeaker an- 
nouncements might be replaced in many cases with computer mail, if the sys- 
tems are appropriately designed. 

Software authoring and customizing systems . No national agency, whether 
government or publisher, can decide what is best for all students in all 
schools. Therefore, it is essential that teachers be able to modify 
instructional software systems to suit the needs of their students an^ the 
community they serve. One step toward this end is the ''development of 
software authoring^ languages that teachers can use to adapt software to 
their specific needs. A project should be launched to research and develop 
an instructional authorintf system that would be based on a theory of 
instruction. 

Such a system should define instructional operations, such as presentation 
of information, menu choices, or student assessment in terms of toftware so 
that programming these tasks would be relatively simple. It should provide 
for appropriate implementations of language subsets to permit authoring 
systems to be used on machines of limited capacity and by both instructional 
(designers and classroom teachers. It should also facilitate movenient of 
courseware from one system to another, by.^ creating virtual instructional 
machines (for example, all courseware could reference a virtual sc^resn of 
infinite resolution, v^ich could then be mapped onto the screen for any par- 
ticular machine; the North American Presentation Level Protocol Standard is 
a good example of this approach). Such a system should be a rich environ- 
ment full of the tools designers and developers need to produce good 
instruction, including ' programs to support task analysis, student response, 
parsing mechanisms, and graphic editors. 

A courseware development center . Courseware utility increases with 
efficacy — indeed, utility and efficacy may be the same. Efficacy is a func-, 
tion of such things as the appropriateness of the design of instructional 
messages, graphic layout, and learner-computer intera'ctions. These features 
should be identified and' information about them disseminated to developers 
and, perhaps, embedded in authoring systems. 

The scope of authoring systems can vary enormously. On the one hand, sys- 
tems can be adapted for machines no more powerful than can be found in 
classrooms with standard peripherals. On the other hand, it is possible to 
create a computationally rich environment, specifically for creating course- 
ware, that fully exploits the audio-visual and instructional capabilities of 
classroom computers. Such a rich development center needs to provide full 
opportunity for dedicated teams of talented experts, in a wide array of do- 
mains, to apply their creative talents together to. produce courseware of 
high quality. These production teams need the skills of teachers, subject 
matter experts, visual designers, graphic artists, creative writers, compu- 
ter graphics people, and other experts. 

Telling teachers and lay people about uses for the computer in educatior . 
Teachers and parents need to know what kinds of effective uses of computers 
are currently poissible. At one level, this could be? seen as a science re- 
porting problem,, but it is more than that. It is quite uncommon for 
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fundamental research . to lead to successful innovation in real applications 
without preserving the involveipient of the basic researcher in the develop- 
ment process. Most information dissemination systems^ which attempt to bring 
new knowledge to the practitioner fail unless, they involve -the knowledge 
producer. Thus, we see the need for information dissemination that involves . 
every project envisioned under these recommendations. 

A. 

The contractor ' meetings of the Office of Naval Research are a good model for 
a part of this process. in those informal meetings, representatives of the 
applied researc-h and development groups in the military services interact 
'with basic researchers and share problems and ideas. The process is facili- 
tated by the principle that ,.the informal interaction, and not a formal docu- 
ment, is the goal of the meeting. . ^ 

in addition to such informal interactions, though, a research center or a 
larger research contractor involved in other projects we have proposed 
should have the additional charge of producing information on computer usage 
for the schools that is understandable and applicable by. teachers arid 
paren-cs. Such informational products should include reports of Research 
results and their implications for excellence in education, critical guides 
to available computer resources, and models of effective computer deploy- 
ments .and usage at different levels of computer power, such as onei machine 
per student; one per classroom, a few for an entire school, and ccMnbinations 
of home and school availability. Reports should incorporate successful 
activities generated at the local ^level and perhaps include analyses of why 
those innovations were successful and how they can be replicated. 

We recommend evaluating alternative methods for wide dissemination of infor- 
mation about instructional, manat^ement, and other applications of computers 
in schools. Computer networks are an unparalleled resource - for rapid dis- 
semination of information. Alternative methods to be evaluated ^should in- 
clude regional resource centers for the support of teachers and program 
developers in local school systems. ^ 

Tools for administrators . Administrative activities range from the class- 
room through the school to the school district. For each, administrative 
efficiencies can be greatly improved with the application of organizational 
computer tools* Simulation and modeling have proven their worth with expert 
systems devoted to analyzing .throughput in factories. Similar tools, based 
on AI expert systems, for allocating scarce software, hardware, people, 
student, and building resources in educational administration at' all levels 
cou^d easily prove their worth and. make more efficient use of scarce tax 
dollars. 



A Community Of Learning Bey ond The Classroom 

Part of the wori: of learning, .even school l^earning, is done outside of 
school'. St\idents' are given homework for a variety of reasons. It offers a 
chance to reflect: on problems^ outside the regim.en ted time schedule of ' the 
fifty-minute hour. It provides the additional practice that can be done 
largely without teacher assistance (or . at least is not the highest priority 
use of teciCher time). However, the home can be an^ incomplete enyironment 
for learning. There are usually fei/er reference works. No one may be 



available vdth v^om to discuss a problem. Even a phone conversation with a 
friend is difficult if the object of discussion is an essay the friend 
cannot see. 

n 

If the computer-based learning environment moves beyond the walls of the 
school, homework can change substantial ly • The resources of the clas sr oom • 
if translated into machine- readable form, can be available outside the ~ 
school. Groups of students can work together even if they live in different 
parts of town. The work of learning can occur at home as well as at school 
and in ways that go beyond homework as we currently know it. 

If instructional computer networks are extended to places outside the 
school, such as the home and local libraries, then parents can be active 
participants in this extended learning process as well. However, a commun- 
ity of learners can only exist if its participants have become socialized in 
the. ways of interaction. Parents need both specific traning in network in- 
formation access, and , more generally, a chance to keep up with their 
children. Our society depends upon a respect for the wisdom of age that 
will be seriously eroded if the computer revolution leaves parents and 
teachers behind . 

Exditing new possibilities occur when computers pervade home and school, A 
tool used in school may also be useful to parents. For example, we were 
told of a student who used^' the computer for interest rate problems one day 
^and came back the next with specific problems his parents wanted solved so 
they could decide whether they could afford to buy a certain house. 
Prototype projects in this area may involve joint participation of 
researchers; a school system, and manufacturers. 

However, these visions must be mediated by the realiti.es of a world in v^ich 
providing pencils to students is a burden some teachers meet out of pocket 
and in which the costs for home and school machines will compete with 
demands for teacher salary improvement and tax reductions « The value of a 
higher capital investment in Computers for aducation must be demonstrated 
with care in visible, criticizable , a,3sessable exemplary prototype 
.projects. 



Computer Literacy 

We define t^o levels of computer literacy. At the minimal level the user 
caa access and passively , use already prepared programs. At the basic level, 

« the computer user can actively work to modify and write materials of his/her 
own. We believe all children should achieve minimal competency and that 
many should achieve basic competency. However, we believe computer literacy 
is a by-product that cannot best be achieved by direct instruction. 
Children and other memocrs of. the community become computer literate by 
using computets to achieve other goals. Thus our primary recommendations 
for fostering computer literacy are already contained in other 
recommendations. For example^ we proposed networks that would allow less 
able users to communicate with and learn from moire able users, authoring 

, languages that are easily used by teache^rs, students, and parents, and 
"autonomous" software that even inexperienced individuals can use freely and 



independently* These developments would aid all members of the ccxnmunity to 
become computer literate at the minimal or b?vsic level. We do have the 
following two recommendations for sponsored research aimed directly at 
computer literacy, 

A person trying to use a computer to do something often receives more 
immediate information about the success of his/her efforts than when using 
more traditional approaches* In this respect computer literacy is different 
from other subject matters. The writer of an essay or reader of a^story 
does not know immediately wtiether it is successful or not. For this reason, 
unique forms of instruction may be useful in teaching computer literacy. 
For example r it is clear that children do teach each other to use computers. 
It may be that peer ^tutoring and individual exploration can have usefully 
expanded roles in this area, we recommend the development and extensive 
investigation of prototype instructional software and methods that show 
promise of being particularly effective and efficient in teaching computer 
literacy. 

Computer literacy is particularly crucial for students in vocational y tech- 
nical, and business courses. If computers are not used in these courses, 
students will emerge with incomplete and xanmarke table skills, sach as typing 
without ' word processing and diagnosing and repairing engines without 
computer tools. Guidance activities will inevitably be ccmputerized , too. 
As we recommended earlier for English teachers, we recommend the development 
of prototypes' for in-service workshops and autonomous instructional programs 
to -increase guidance counselors' and vocational-technical teachers* 
knowledge of computers. 
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